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by 
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ABSTRACT 

This report  analyzes  a r a d i a t i o n  pyrometer for 
luna r  observa t ions ,  developed a t  t h e  Harvard College Observatory. 

One of t h e  cri teria f o r  designing t h i s  pyrometer 
w a s  t h e  u t i l i z a t i o n  of thermal detectors f o r  developing 
techniques s u i t a b l e  for space ins t rumenta t ion ,  and t o  make 
observat ions poss ib l e  o u t s i d e  t h e  United States. Moreoever, 
t h e  astrometric a spec t s  of t h e  rad iometr ic  measurements i n  
t h i s  r a d i a t i o n  pyrometer w e r e  s e r i o u s l y  considered. 

The pyrometer has three channels: i n f r a r e d ,  photo- 
graphic  (astrometric purposes) ,  and v i s u a l ,  A l l  t h r e e  
channels use t h e  same te lescope  o p t i c s  and are commutated by 
a two-sided mirror chopper. T h e  pyrometer head has plug-in 
u n i t s ,  making poss ib l e  t h e  use of d i f f e r e n t  thermal detectors, 
photomul t ip l ie r  tubes ,  and a focusing tes t  u n i t .  

The l o c a t i o n  of t h e  r e s o l u t i o n  element on t h e  luna r  
s u r f a c e  could be achieved wi th in  t h r e e  seconds of arc ,  or 
one-third of t h e  r e s o l u t i o n  element. The no i se  level  of t h e  

pyrometer, under c e r t a i n  condi t ions ,  i s  6 x 1 0  watts peak- 
to-peak fo r  one second pos t -de tec t ion  i n t e g r a t i o n  t i m e .  

Detailed d e s c r i p t i o n s  of t h e  electro-mechanical 
p a r t s  of t h e  r a d i a t i o n  pyrometer and i t s  e l e c t r o n i c  c i r c u i t r y  
are given,  s i n c e  a great deal of e f f o r t  w a s  p u t  i n t o  t h e  design 
of t h e s e  p a r t s ,  
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I. INTRODUCTION 

The p r e s e n t  r e p o r t  covers t h e  design cr i ter ia  and 
d e t a i l  of  cdns t ruc t ion ,  and performance of ~ a r a d i a t i o n  pyrometer 
fo r  l u n a r  work p r e s e n t l y  used by Harvard College Observatory a t  
d i f f e r e n t  observing sites. 

. -  

I n  many i n s t a n c e s ,  t h e  t h e o r e t i c a l  performance of an i n f r a -  
r ed  d e t e c t i n g  system is  no t  achieved because poor de'sign o r  
cons t ruc t ion ,  ( i .e . ,  v i b r a t i o n  from t h e  chopper) , t end  t o  impair  
t h e  r e s u l t s  expected f r o m  the pure therhodynamic a n a l y s i s  of 
t he  d e t e c t o r .  This  r e p o r t  desc r ibes  i n  s o m e  d e t a i l s ,  t h e r e f o r e ,  
t h e  phys ica l  r e a l i z a t i o n  of p a r t s  of t he  pyrometer which w e  
cons ider  c r i t i ca l  i n  t h i s  r e spec t .  

W e  w e r e  s t imu la t ed  by NASA's  need f o r  r e l i a b l e  equipment 
t o  obta in  thermal l u n a r  d a t a  wi th  high temperature and s p a t i a l  
r e s o l u t i o n ,  inc luding  the  a b i l i t y  t o  i d e n t i f y  accu ra t e ly  t h e  

area under measurement a t  any t i m e .  

The i n i t i a l  problem w a s  t o  determine t h e  d e t e c t o r  bes t -  
s u i t e d  f o r  t h e  job. 

t o  determine t h i s .  The f i n a l  dec is ion  about t h e  d e t e c t o r  w a s  
made n o t  only on t h e  b a s i s  of t h e  minimum NEP, b u t  also,  i t s  
ruggedness, s e n s i t i v i t y  t o  v i b r a t i o n ,  changes i n  s igna l - to-  
no i se  r a t i o  caused by changes i n  t h e  temperature of the 
environment, e tc . ,  w e r e  considered,  W e  wished t o  choose 
equipment t h a t  could be  opera ted  ou t s ide  t h e  United States,  and 
t o  develop techniques t h a t  could be e a s i l y  e x t r a p o l a t e d  t o  
space ins t rumenta t ion .  This p r a c t i c a l l y  ruled-out quantum 
d e t e c t o r s ,  s i n c e  ope ra t ing  t h e m  i n  t h e  wavelength range of  
8 ~ - 1 4 ~ .  (depending upon t h e  type  of d e t e c t o r )  r equ i r e s  t h e  use 
of l i q u i d  helium o r  o t h e r  l i q u e f i e d  gases  which are d i f f i c u l t  
t o  ob ta in  ou t s ide  t h e  USA (Unc las s i f i ed  - State-of-the-Art,  
1 9 6 1 ) .  

Our S c i e n t i f i c  Report No.1' at tempted 
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W e  concluded t h a t  the immersed the rmis to r  bolometer w a s ,  
a t  t h i s  t i m e ,  t h e  best-suited for  p a r t  of t h i s  app l i ca t ion .  
90 overcome some of t h e  drawbacks t h a t  e x i s t e d ,  we began 
p a r a l l e l  development af a new type of detector, the ferro- 
elect ri G bolome te I: 2 ,3 ,4  

W e  wanted t o  have modular equipment, so t h a t  by changing 
I ‘modules w e  could use d i f f e r e n t  detectors and associated 
e l e c t r o n i c s  t o  do p h o t o e l e c t r i c  photometry i n  the  v i s i b l e  

=Ww, 

TO achieve our  objective w e  designed our  own equipment, 
consider ing c a r e f u l l y  t h e  design and craftsmanship i n  o r d e r  
t o  m a k e  s u r e  a t  each s t a g e  t h a t  w e  w e r e  wZthin t h e  
l i m i t s  of t h e  State-of-the-Art. 

W e  should Like t o . p o i n t  o u t  as a novel aspec t  of t h i s  
equipment t h e  mechanism which allows for  accura te  l o c a t i o n  
of the area under measurement, Moreover, w e  would l i k e  t o  
emphagize t h e  v a r i a b l e  speed drive f o r  t h e  chopper which 
allows f0.r d i f f e r e n t  scanning rakes o r  t i m e  cons t an t s  and 
t h e  focusing mechanism of the pymmater head. 
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11. ASTRONOMICAL ;o'BJ"I!IVE . 

A. Observational Problem 

The type  of l u n a r  temperature measurements made and t h b  
methods used w i l l  be determined solely by t h e  information w e  
want t o  o b t a i n  from t h e  da t a ;  t h e  choice 0.f high o r  l o w  s p a t i a l  
r e s o l u t i o n ,  high o r  low temperature i e s o l u t i o n ,  akd relative 
o r  absolu te  measurements can' be made only on t h e  
answers w e  w e r e  seeking f o r  ou r  program. 

' ' 

is t h e  

For example, t o  c o r r e l a t e  r ad io  measurements w 
r ed  measurements, instruments  w i t h  r e s o l u t i o n  e lements  of 
s e v e r a l  minutes have been used. With t h e s e  ins t ruments  it 
is  no problem t o  l o c a t e  t he  area under measurement w i t h i n  a 
f r a c t i o n  of t h e  r e s o l u t i o n  element. H o w e v e r ,  i f  t h e  program 
c a l l s  f o r  high s p a t i a l  r e s o l u t i o n ,  and one expec ts  t o  correlate 
the  thermal f e a t u r e s  wi th  t h e '  l u n a r  v i s u a l  f e a t u r e s , ' t h e  
observa t iona l  and ins t rumenta l  problem is- completely d i f f e r e n t .  
For example, i f  t h e  r e s o l u t i o n  element is  9" x 9" i n  ' s i z  
accura te  l o c a t i o n  is  very a i f f icu l t "ar id ,  'in f a c t ,  r equ i r e s  us  ' 
t o  so lve  an astrometric problem. 

. >  i . 

I .  

A t  high s p a t i a l  r e s o l u t i o n  the  s t . ab i l i t y  requiremehts of 
the t e l e scope  are more demanding. 
w e  must be able to 'de te rmine  -&e p b s i t i o n ' o f  t h e  resoluti 'on 
element on t h e  ' lunar  s u r f a c e  a s  a - func t ion  of  t i m e ,  and with'in 
a f r a c t i o n  of  t he  r e s o l u t i o n  e l  

I f  t h e  moon is  being 'scanned,  

Temperature r e s o l u t i o n  can be a s e r i o u s  prob'lem, depend- 
i n g  upon t h e  dynamic rahge t h a t  ou r  equiphent  has  t o  handle 
and the t i m e  aliowed for  a complete measurement. 
f u l l  moon 'and through t h e  subsolar p o i n t  must handle a p ~ % y  

sFqnal xatio of  t h e  o r d e r  of  2 7 0 ,  i f  we"'assume t w o  'extreme 
temperatures ,  -1236C (1500K)' and + i 2 7 O C  ( I O O ' K )  . 
level o f  t h e  pyrometer i s  of t h e  o r d e r  of 5 x LO 
i f  w e  want t h e  measuqments $0 

'A scan during 

I f  t h e  no i se  
w a t t s  and -11 

.e l i m i t e d , o n l y  t .  by t h i s  noise 
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level ,  we  have t o  resolve 3 p a r t s  i n  1000 a t  3.127OC (400°K). 
Rather complex equipment is needed t o  handle t h i s  amount of  
information. 

The probable error i n  t h e  abso lu te  temperature measure- 
ments w i l l  depend mainly on t h e  accuracy of t h e  measurements 
of  t h e  ins t rumenta l  parameters and of t h e  atmospheric a t tenua-  
t i o n .  

For measurements of relative temperatures,  knowledge of  
t h e  ins t rumenta l  parameters is  n o t  so impor tan t ,  and less 
accuracy i s  requi red  i n  measurements of  t h e  atmospheric 
a t t enua t ion .  

I n  our  program of l u n a r  temperature measurements, w e  
have designed and b u i l t  a r a d i a t i o n  pyrometer a t  Harvard 
College Observatory. This instrument  w a s  designed t o  provide 
high s p a t i a l  r e s o l u t i o n ,  high accuracy i n  l o c a t i n g  the  reso lu-  
t i o n  element on t h e  l u n a r  surface,  and t h e  h i g h e s t  emperature 
r e so lu t ion  achievable  wi th  thermal detectors. The pyrometer 
has  t h r e e  channels : i n f r a r e d ,  v i s u a l  and photographic.  A l l  

t h r e e  channels use t h e  same te l e scope  o p t i c s ;  an o p t i c a l  
switching mechanism allows one t o  observe t h e  moon 50% of  t h e  
t i m e  i n  t h e  i n f r a r e d  and 50% of t h e  t i m e  i n  t h e  v i s u a l  range; 
and, photographica l ly ,  a t  an a d j u s t a b l e  rate f r o m  1 0  Hz t o  
70 H z .  The pyrometer has  t h e  fol lowing d a t a  ou tpu t s :  

1.. A 35 mm f i l m  having. a f i e l d  of v i e w  715 x 5!0 wi th  
a crosshair centered  on t h e  frame whi co inc ides  
wi th  t h e  ba rycen te r  of the  i n f r a r e d  detector; 

2 .  a paper  c h a r t  on which i s  recorded t h e  i n f r a r e d  
s i g n a l ,  t h e  t i m e ,  t h e  moment when a p i c t u r e  has 
been secured ,  and an even t  which should be record- 
ed ;  and, 

* 

* We def ine  t h e  ba rycen te r  as the p o i n t  i n  the detector 
with t h e  h i g h e s t  r e spons iv i ty ,  
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3 .  a magnetic t ape  recording of t h e  obse rve r ' s  descr ip-  
t i o n  of t h e  area under measurement, o r  of any event  
important t o  t h e  data ana lys i s .  I n  add i t ion ,  t h e  
ope ra to r  of t h e  e l e c t r o n i c  equipment records r e l evan t  
data on t h e  magnetic t a p e ,  p l u s  WWV t i m e  s i g n a l s ,  
and a tone which alerts t h e  ope ra to r  t h a t  an event  
should be recorded. 

B. S p a t i a l  Resolution 

I n  ou r  r a d i a t i o n  pyrometer t h e  s i z e  of  t h e  r e so lu t ion  
element w i l l  be l i m i t e d  by t h e  te lescope  o p t i c s ,  t h e  d e t e c t o r  
s i z e ,  the  atmospheric s ee ing ,  and t h e  see ing  condi t ions  a t  
the  observing s i te .  I f  our  measurements are i n  t h e  range of  
811 t o  1411 and w e  can assume 1011 as t h e  e f f e c t i v e  wavelength, 
and i f  w e  a r e  using a 152 c m  ('60 i n . )  t e l e scope ,  t h e  diameter 
of t he  A i r y  d i s k  i s  3V3; t h a t  of t h e  second dark r i n g  of  t h e  
d i f f r a c t i o n  p a t t e r n  i s  6!'0; and, t h a t  of t h e  t h i r d  is  8V7. 
About 9 4  percent  of t h e  t o t a l  f l u x  f a l l s  wi th in  t h e  t h i r d  

d i f f r a c t i o n  r i n g  of an unobstructed c i r c u l a r  ape r tu re .  On 
t h i s  b a s i s  w e  e s t a b l i s h e d  as  a requirement t h a t  t h e  d e t e c t o r  
should cover a t  least  the  t h i r d  r i n g  of t h e  d i f f r a c t i o n  p a t t e r n ;  
t h i s  means t h a t  f o r  a t e l e scope  w i t h  a scale of s=25"/mm, the  

d e t e c t o r  should be of  t h e  o r d e r  of 0.35 mm i n  s i z e .  The 

the rmis to r  bolometer used i n  our  pyrometer, 0 . 1  mm x 0 . 1  mm 
i n  s i z e  and i m m e r s e d  i n  a germanium l e n s ,  g ives  an e f f e c t i v e  
s i z e  of 0.35 mm x 0.35 mm. Since the  e x i t  s t o p  of t h e  pyro- 
meter-telescope system is  determined by t h e  s i z e  of t h e  d e t e c t o r ,  
t h e  s p a t i a l  r e s o l u t i o n  w i l l  be def ined  ( f o r  a given d e t e c t o r  
s i z e )  by t h e  f o c a l  length  of the o p t i c a l  system. Figure 2-1 
g ives  the  s i z e  of t h e  r e so lu t ion  element (AL x AL) i n  seconds 
of arc, m i l e s ,  and i n k i l o m e t e r s  on t h e  l u n a r  su r face  a t  e a r t h -  
moon mean d i s t ance  versus  focal length  of the o p t i c a l  system. 
To ob ta in  t h e  ins t rumenta l  p r o f i l e  experimental ly ,  i n  one set 
of measurements, w e  scanned t h e  f i e l d  of v i e w  of o u r  r a d i a t i o n  
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FIG. 2-1. S i z e  of  t he  f i e l d  of view and t h e  s i z e  i n  m i l e s  ( o r  
k i lometers )  of the  r e s o l u t i o n  element on t h e  moon as  
a funct ion of t h e  t e l e scope  f o c a l  l e n g t h ;  a,)  f o r  
d e t e c t o r  with 1 mm x 1 mm effecti-;e s i z e ,  b . )  f o r  
d e t e c t o r  .35 mm x .35 mm i n  s i z e .  

F I G .  2-2. Measurement of t h e  r a d i a t i o n  pyrometer p r o f i l e :  a , )  
frames 1 t o  4 show Alpha S c o r p i i  c ros s ing  the f i e l d  
of view of t h e  photographic channel of the r a d i a t i o n  
pyrometer along one l i n e  of t h e  reticle;  b.) output  
of t h e  rad iometr ic  channel when Alpha S c o r p i i  c rossed  
t h e  f i e l d  of view. 
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pyrometer w i t h  the  image of a s ta r ,  Alpha S c o r p i i ,  and t h e  
pyrometer mounted a t  t h e  Newtonian focus of t h e  1 8 8  c m  ( 7 4  i n . )  
t e l e scope  a t  the  Radcl i f fe  Observatory (Republic of South 
A f r i c a ) .  Figure 2-2a. shows t h e  photographic record;  each 
smal l  d i v i s i o n  of  t h e  reticle is  equ iva len t  t o  11". Frames 

1 t o  4 show Alpha Scorp i i  c ros s ing  the  f i e l d  along t h e  
h o r i z o n t a l  l i n e  of t h e  reticle. The t i m e  when t h e  p i c t u r e  
w a s  secured i s  i n d i c a t e d  i n  t h e  upper p a r t  of each frame. 
The f i l m  used was E ,  G&G-XR, t h e  chopping frequency 1 4  H z ,  

and the  s h u t t e r  speed,  1 . 0  second. Figure 2-2b. shows the  

output  of t h e  radiometer when Alpha Scorp i i  scanned t h e  
d e t e c t o r .  The marks 1, 2 ,  3 ,  and 4 i n d i c a t e  t h e  t i m e s  a t  
which t h e  i d e n t i f y i n g  p i c t u r e s  w e r e  secured. The measurements 
w e r e  taken n e a r l y  along the  diagonal of the square de t ec to r .  

A series of s i m i l a r  scans  was obta ined  p a r a l l e l  t o  the  

h o r i z o n t a l  l i n e  of t h e  reticle and spaced only a few seconds 
of arc a p a r t .  Using these measurements w e  determined t h e  s i z e  
of t h e  r e s o l u t i o n  e l e m e n t ,  the  r e spons iv i ty  diagram of t h e  
pyrometer-telescope combination, and, i n  a d d i t i o n ,  any system- 
a t i c  e r r o r  i n  t h e  loca t ion  of the  ba rycen te r  of t h e  d e t e c t o r  
wi th  r e spec t  t o  t h e  c e n t e r  of t h e  reticle. On the  b a s i s  of 
t h e  record  shown i n  Figure 2-2b. w e  measured a r e so lu t ion  
element 8" x 8 "  between 50 pe rcen t  power p o i n t s .  

C. I d e n t i f i c a t i o n  of  the  Resolution Element on the  

Lunar Surf ace 

The main d i f f i c u l t y  i n  high s p a t i a l  r e so lu t ion  pyrometry 
i s  the problem of  i d e n t i f y i n g  the  r e s o l u t i o n  element on t h e  
l u n a r  d i sk .  Observations of high s p a t i a l  and temperature 
r e s o l u t i o n  must be obta ined ,  i n  gene ra l ,  w i th  r e f l e c t o r s  of 
f a i r l y  l a r g e  ape r tu re  -- 1 2 2  cm ( 4 8  i n . )  and l a r g e r .  The 
use of t w o  independent o p t i c a l  systems, one t o  i d e n t i f y  t h e  
r e s o l u t i o n  element and t h e  other for  pyrometry, in t roduces  t h e  
d i f f i c u l t  problem of keeping both o p t i c a l  axes co l l imated  a t  
d i f f e r e n t  a t t i t u d e s  of t h e  t e l e scope ;  e r r o r s  can be of t h e  
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order of  minutes of arc. 

However, schemes can be devised t o  solve t h i s  problem 
and, without  d i scuss ing  t h e  advantage and disadvantages of 
t h e  s e v e r a l  methods used, w e  w i l l  describe the  one used i n  
ou r  pyrometer. The basic p r i n c i p l e  is  i n d i c a t e d  i n  Figure 
2-3. The equipment i s  designed t o  opera te  with o p t i c a l  systems 
with f-numbers between 3.5 and 6. The te lescope  beam is chopp- 
e d  a t  a r a t e  which can be adjus ted  f r o m  1 0  Hz t o  70 H z .  The 
chopper i s  made of g l a s s  and has evaporated aluminum on the 
f r o n t  face and evaporated gold on t h e  back. 

When t h e  chopper blocks t h e  o p t i c a l  pa th  t o  t h e  d e t e c t o r  
i n  pos i t i on  D ,  t h e  f o c a l  plane d-d' i s  t r a n s f e r r e d  t o  t h e  
p o s i t i o n  k ' -k .  W e  can ca l l  t h e  p o i n t  R t h e  homologue of t h e  
po in t  D t h a t  def ines  t h e  geometr ical  c e n t e r  of  t he  detector. 
Coplanar w i t h  t h e  image plane k ' -k  i s  a reticle w i t h  1 / 2  m i l l i -  
m e t e r  d i v i s i o n s ,  i l lumina ted  a t  t h e  edge. A f l a t  mir ror ,E ,  
fo lds  back the beam and t h e  photographic ob jec t ive ,  L, images 
the plane k'-k onto the  photographic f i lm.  A r e f l e x  system 
with mi r ro r ,  M ,  and a pentaprism allows f o r  v i s u a l  observat ion 
of t h e  same f i e l d  of  view. 

A f t e r  the chopper has  been made perpendicular  t o  t h e  
a x i s  of r o t a t i o n  by means of an au tocol l imator ,  the  whole 
o p t i c a l  t r a i n  i s  ad jus ted .  For t h i s  adjustment w e  have an 
a u x i l i a r y  o p t i c a l  system t h a t  is a t t ached  t o  the pyrometer 
head f lange and g ives  a po in t  image on,D, which, by means of 
a chopper, can be t r a n s f e r r e d  t o  R. 

For  the  sake of s i m p l i c i t y  w e  w i l l  cons ider  t h e  reticle 
alignment a two-dimensional problem; it is ,  i n  fact ,  a three- 

dimensional one. 

I f  w e  assume t h a t  the plane of t h e  m i r r o r  chopper has 

been f i x e d  and t h a t  t he  p o s i t i o n  D of the  d e t e c t o r  i s  determined, 
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F I G .  2-3. Basic p r i n c i p l e  of t h e  mechanism f o r  i d e n t i f y i n g  the  
r e s o l u t i o n  e l emen t  on t h e  l u n a r  d i sk  i n  t h e  r a d i a t i o n  
pyrometer developed a t  t h e  Harvard College Observatory. 

F I G .  2-4 .  P i c t u r e  obtained with t h e  photographic channel of the  
r a d i a t i o n  pyrometer, using E ,  G&G-XR f i l m ,  Wratten #15 
f i l t e r  and an exposure t i m e  of 1/15 second. The c e n t e r  
of t h e  reticle i s  on t h e  south  t i p  of Mare C r i s i u m .  
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t h e  homologue po in t  R i s  defined. Since y=@ f o r  any a, t h e  
alignment w i l l  depend only upon t h e  relative p o s i t i o n s  of D ,  

the chopper and R. 

This method, because of the  design of t h e  pyrometer head, 
could produce a sys temat ic  e r r o r  i n  t h e  pos i t i on ing  of D. There 
is  always an error i n  t h e  pos i t i on ing  of t h e  d e t e c t o r  f l a k e  with 
r e spec t  to  t h e  detector ho lde r ,  which makes t h e  p o s i t i o n  o f  D 

indeterminate .  Since w e  assume t h a t  t h e  p o s i t i o n  of D i s  known 
f o r  the  alignment i n  t h e  l abora to ry ,  a sys temat ic  e r r o r  is 
introduced i n  t h e  pos i t i on ing  of t h e  reticle. Moreover, s i n c e  
t h e  pyrometer head i s  designed f o r  use w i t h  d i f f e r e n t  de t ec to r s  , 
w e  should expect  a d i f f e r e n t  sys temat ic  e r r o r  fo r  each de tec to r .  

T o  determine t h e  sys temat ic  e r r o r  a t  t h e  t e l e scope ,  w e  
scanned t h e  d e t e c t o r  s e v e r a l  t i m e s  wi th  a s t a r  image i n  a 
d i r e c t i o n  p a r a l l e l  t o  t h e  diagonals  (square de t ec to r )  u n t i l  w e  
go t  t h e  maximum response. I f  w e  correlate photographical ly  
the  p o s i t i o n  of the  s t a r  image on t h e  reticle with maximum 
s i g n a l  ou tput  from the d e t e c t o r ,  w e  can measure the Systematic 
e r r o r  very accura te ly .  

Figure 2-4 shows an a c t u a l  p i c t u r e  taken with the  photo- 
graphic  channel of t h e  pyrometer. The p i c t u r e  w a s  secured a 
f e w  minutes before  a t o t a l  e c l i p s e ,  using E ,  G&G-XR f i l m  p lus  
Wratten #15 f i l t e r  and 1/15 second exposure t i m e .  With p i c t u r e s  
of t h i s  type ,  the  t a s k  i s  t o  determine t h e  or thographic  co- 
o rd ina te s  of t h e  reticle,  which, i n  t u r n ,  are t h e  coordinates  
of t h e  barycenter  of t h e  de t ec to r .  W e  ob ta ined  t h i s  informa- 
t i o n  by p r o j e c t i n g  each frame on t h e  proper  p l a t e  of t h e  

p r o j e c t i n g  system t h a t  has been cons t ruc ted  i n  our  labora tory  
f o r  this purpose. 

* 
Orthographic A t l a s ,  of ,  t h e  Moon . Figure 2--5 shows a s p e c i a l  

. * - - -  

* Orthographic At l a s  of t he  -- Moon, The Universi ty  of 
Arizona Press, 1961. 
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The foreground of Figure 2-5 shows the L e i t z  f i lm  pro- 
j e c t o r  which i s  mounted on a s t r u c t u r e  having 3 degrees of 
freedom. The p r o j e c t o r  head can be  r o t a t e d  360 degrees.  As 
seen i n  t h e  background of Figure 2-5, t h e  image is p r o j e c t e d  
onto a screen mounted on a gimbal t o  s imula te  t o  f i r s t  o r d e r  
t h e  l i b r a t i o n s  of t h e  moon. A f t e r  s tudying t h e  p ro jec t ed  
frame, t h e  f i l m  a n a l y s t  must l o c a t e  t h e  e x a c t  a r e a  on a 
photograph of t h e  moon so  t h a t  t h e  appropr ia te  p l a t e  from 
t h e  Photographic Lunar A t l a s  can be chosen. The p ro jec t ed  
image is  then superimposed on t h e  c o r r e c t  Lunar At l a s  p l a t e ,  
I n  o rde r  t o  a s c e r t a i n  whether  the superimposed image is 
i d e n t i c a l  t o  t h a t  on the  p l a t e ,  a s h e e t  o f  white opaque paper 
i s  h e l d  over  t h e  screen  and moved around while t h e  outs tand-  
i n g  f e a t u r e s  are l i n e d  up with t h e  photographic p l a t e .  The 
po in t  where the  reticle crosses i s  marked on t h e  p l a t e ,  and 
i s  then t r a n s f e r r e d  t o  the  corresponding or thographic  p l a t e .  
The 5 and rl coordinates  are determined and recorded i n  
t a b u l a r  form along w i t h  the  number of t h e  p i c t u r e  frame. 
These coordinates  w i l l  be used la te  i n  a computer program t o  
determine the  coordinates  of the barycenter  of  t h e  r e s o l u t i o n  
element as a func t ion  of t i m e .  Because w e  have less va r i ed  
i l l umina t ions  of t he  moon on Orthographic A t l a s  p l a t e s  than  on 
Photographic A t l a s  p l a t e s ,  w e  must o r d i n a r i l y  use the  Photo- 

graphic  A t l a s  Plates f o r  t h e  i n i t i a l  p l o t t i n g  of coordinates .  

* - . . . . .  

T h e  accuracy i n  determing t h e  or thographic  coordinates  
of t h e  barycenter  of the  r e s o l u t i o n  element depends upon t h e  
q u a l i t y  of t h e  r a w  da t a .  For p i c t u r e s  obta ined  under good 
condi t ions ( see ing  d i sk  2 "  o r  smaller) ,  having good c o n t r a s t  
and a reasonable number of i d e n t i f i a b l e  l u n a r  f e a t u r e s ,  t he  

s tandard  dev ia t ion  i n  the determinat ion of t h e  or thographic  
coordinates  is  +3". - For p i c t u r e s  obta ined  under poor see ing  
condi t ions  (5'' o r  l a r g e r ) ,  having poor c o n t r a s t  and f e w  
i d e n t i f i a b l e  f e a t u r e s ,  t h e  s tandard  dev ia t ion  w i l l  be between 
6 "  and 8".  

.- *' 
Photographic Lunar A t l a s ,  The Universi ty  of Chicago Press, 1960.  
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Usually,  w e  t a k e  about f o u r  p i c t u r e s  p e r  scan: the 
b e s t  r e s u l t s  gave t h e  p o s i t i o n  of the l i n e  of scan wi th in  
lY5 and i n  the  average wi th in  4:'O. 

I n  t h e  reduct ion of the p o s i t i o n a l  data w e  account f o r  
t he  d i f f e r e n t i a l  r e f r a c t i o n  due t o  atmospheric d i spers ion  
between t h e  i n f r a r e d  and t h e  v i s i b l e  rays .  

* 

The previous d iscuss ion  regarding t h e  loca t ion  of t h e  
r e so lu t ion  element a p p l i e s  only t o  t h e  i l l umina ted  p a r t  of 
t h e  moon. On the b a s i s  of t hese  measurements, w e  can a l s o  
determine t h e  p o s i t i o n  of the  l i n e  of scan on t h e  shadowed 
areas .  
complicated,  e s p e c i a l l y  during dark e c l i p s e s .  S t i l l  , i n  
some cases, it is poss ib l e  t o  take t h e  i d e n t i f y i n g  p i c t u r e s  
w i t h  high-speed f i l m  o r  an image conver te r ,  o r  t o  take t h e  
p i c t u r e s  a t  t h e  limb of t h e  moon aga ins t  the star background. 
I n  t h e  las t  case ,  t h e  p o s i t i o n  of t h e  l i n e  of scan on t h e  
moon w i l l  be found from the p o s i t i o n  of t h e  reticle w i t h  

r e spec t  t o  a given set of background stars. 

The problem of loca t ion  on t h e  e c l i p s e d  moon i s  more 

D. Temperature Resolution on the  Lunar Surface 

For a telescope-pyrometer system opera t ing  under ideal 
condi t ions  the  l i m i t i n g  no i se  should be t h e  s t a t i s t i c a l  
f l u c t u a t i o n s  of t h e  equiva len t  temperature of t h e  atmosphere 
o r  (and) t h e  i r r e d u c i b l e  no i se  of t h e  i n f r a r e d  detector. 

** 
Based on the  geometry shown i n  Figure 2 -6 ,  the  r e l a t i o n -  

s h i p  between t h e  r a d i a n t  power IM measured by t h e  pyrometer 
and t h e  luna r  radiance,  f o r  an a r e a  of or thographic  
coordinates  , (<,q) , a t  a temperature,  T ,  is  given by: 

* 
Analysis of t h i s  problem appears i n  S c i e n t i f i c  Report N o .  6.  

** 
To s impl i fy  t h e  drawing t h e  secondary mi r ro r  of t h e  te lescope  
has been omitted.  
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w h e r e  2 Ad = area of  t h e  d e t e c t o r ,  cm , 
p o  = r a d i a n t  r e f l e c t a n c e  of t h e  mirror 

(aluminized) of t h e  te lescope;  t h e r e  
are two mi r ro r s ,  thus  t h e  e f f e c t i v e  
r e f l e c t a n c e  is  p o  , 

sys t e m  during measurements 

2 

= e f f e c t i v e  f-number of the  o p t i c a l  Feff  

- 
. rA[T(5,r l )  ,m,wI = mean atmospheric r a d i a n t  t ransmi t tance ,  

T (5 , r l )  = br igh tness  temperature,  OK , 
m = a i r  m a s s  along t h e  l i n e  of s i g h t  
w = amount of p r e c i p i t a b l e  w a t e r  along 

the  p a t h ,  mm, 
S [T ( 5  ,TI) 1 = radiance corrected for  instrumental  

t ransmi t tance  and r a d i a n t  emis s iv i ty ,  
E of the l u n a r  s u r f a c e ,  W e m  -2 s r  -1 . M' 

Taking t h e  radiance S [ T ( c , r l )  I independent of the 

coordinate  ( 5  , TI) , t he  following r e l a t i o n s h i p  app l i e s  : 

where N(?, ,TI i s  the s p e c t r a l  blackbody radiance,  and t h e  

s p e c t r a l  ins t rumenta l  t ransmi t tance  T~ ( A )  i s  given by 

I n  Eq. (2-1)  t h e  value of Adp0/4Peff  i s  c a l l e d  i n s t r u -  
mental constant  . 

%I 

For the  pyrometer Ad=(0.035 c m I 2  and f o r  t h e  155 cm 
( 6 1  i n . )  t e lescope  a t  Agassiz S t a t i o n :  
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T ( OK) 

10 0 

= 0.90 ( a t  lop) P O  

S ( T )  , w a t t  cm-2sr31 I N , w a t t  -AIM/AT (TI F w a t t ° K - l  

-12 
0 .412517 x 2.6  x l.0-12j 2 .5  x 1 0  

= 5.70 “eff 

which gives %=0.7636 x 2 cm, sr. 

Introducing the above values t o  E q .  (2-11,  w e  obtain: 

= 0 . 7 6 3 6 ~ 1 0  -5 - tA(T,m,w ) S ( T )  w a t t  . I M  (2-4) 

To evaluate the  temperature resolut ion AT(T) fo r  a given lunar 
br ightness  temperature T ,  w e  obtain f r o m  E q .  (2-4) 

_c = 0 . 7 6 3 6 ~ 1 0  -5 c m  2 sr FA(T,m,w) AS(T) wa t tOK-’ .  (2-5) 
AT A (TI 

For t h e  purpose of evaluat ing E q s .  (2-4) and (2-51,  w e  
- 

assume T -0.82 fo r  T=200°K, m=1.5 and wo=l.4 mm and t h e  proper 
values of S (T)  previously calculated; fo r  d i f f e r e n t  tempera- 
tures  w e  o b t a i n e d  the values of IM and A I ~ / A T ( T )  given i n  
T a b l e  2-1. 

A- 

TABLE 2-1 

-10 I 150  I 0.292870 x 1 1 . 8  x 1 0  
1.1 x 10 -11 

- 11 
-10 

-10 

-10 

-10 

’̂-._“- 

-*--.”.- -̂I-- 
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The no i se  level of the pyrometer has  been measured 
(Sect ion IV, 1) t o  be 6 x 10 w a t t s  peak-to-peak fo r  

one Fecond t i m e  cons tan t .  For a given set o f  lunar  
measurments (Fig.  4-2a.b.) we  used an i n t e g r a t i o n  t i m e  of 
0 . 2  seconds. Since t h e  no i se  level i s  dominantly Johnson 
n o i s e ,  t h e  r a t i o  of t h e  no i se  levels i n  t h e  two cases w i l l  
be p ropor t iona l  t o  J1 /0 .2=2 .2  Thus, under t he  same observ- 
i ng  condi t ions  and for  ~ = 0 . 2  seconds the  no i se  l e v e l  should 
be 1 . 3  x 10 -lo w a t t  peak-to-peak. Using t h e  above values  
and t h e  ones given i n  T a b l e  2-1,. t h e  temperature r e so lu t ion  
AT(T) can be obtained fo r  a given temperature,  T ,  and t h e  
assumed observing condi t ions .  As an example for  T=150°K 
a AT=lo’% could double the  peak-to-peak n o i s e  l e v e l  (see 
Fig.  4-2b.). 
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111. RADIATION PYROMETER SYSTEM 
Y .  . ~ <--c-T-.c- 

A. General DesEr5ption 

Figure 3-1 i s  a block diagram of 

. - r- 

The system can be divided as fol lows:  
t he  r a d i a t i o n  pyrometer. 

1. Pyrometer head 
2 .  E l ec t ron ic  console 
3 .  Monitor console . 

The pyrometer head houses t h e  d e t e c t o r ,  p reampl i f i e r ,  i t s  
power supply,  chopper and i t s  d r iv ing  mechanism, re ference  
and c a l i b r a t i o n  blackbodies ,  t he rmis to r  sensors and t h e  photo-. 
g raphic  and v i s u a l  o p t i c a l  system of t h e  pyrometer. This p a r t  
of the  instrument i s  a t t ached  t o  t h e  t e l e scope  f lange .  

A se t  of cables  connects the pyrometer head with t h e  
e l e c t r o n i c  console and , the  monitor console.  The e l e c t r o n i c  
console c o n s i s t s  of a phase-control led rect i f ier ,  dc vacuum 
tube vol tmeter ,  d i f f e r e n t  power supp l i e s ,  and t h e  necessary 
meters and s e l e c t o r  switches.  The output  of t h e  e l e c t r o n i c  
console i s  recorded on t h e  paper c h a r t  a m p l i f i e r  recorder .  

The monitor console c o n s i s t s  of a magnetic tape  recorder ,  
a d i g i t a l  clock, r a d i o  r e c e i v e r  f o r  t i m e  s i g n a l s ,  an audio- 
o s c i l l a t o r  f o r  event  marks, and the  intercommunication system 
between t h e  observer  and t h e  ope ra to r  of t h e  e l e c t r o n i c  equip- 
ment. 

Figure 3-2 i s  a photograph of t h e  a c t u a l  e l e c t r o n i c  
console,  monitor console and papr c h a r t  ampl i f ie r - recorder  . 

B.  Pyrometer Head 

A schematic drawing of t h e  pyrometer head i s  given as 
Figure 3-3 .  The head is designed f o r  attachment t o  t h e  tele- 
scope with f-numbers ranging from 3.5 t o  6 .  The beam is  
i n t e r c e p t e d  by a g l a s s  chopper, C ,  which is  dr iven  by a v a r i a b l e  
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speed d r i v e ,  G ,  One s i d e  of the chopper i s  an aluminized 
su r face  and the o t h e r  a go ld  coated su r face .  Between t h e  
chopper b lade  and t h e  d e t e c t o r  system is an en t rance  s t o p ,  S. 

* 

For each t e l e scope  t h e  en t rance  s t o p  i s  chosen t o  s t o p  
down t h e  mi r ro r  o b j e c t i v e .  When t h e  chopper blade uncovers 
t h e  en t rance  s t o p ,  t h e  detector, D, w i l l  receive the i n f r a r e d  
s i g n a l .  By means of t h e  f i l t e r  s l i d e ,  F ,  t h e  proper f i l t e r  
can be s e l e c t e d  o r  t h e  clear or closed p o s i t i o n s  may be used. 

When t h e  chopper i s  i n  f r o n t  of the ent rance  s t o p ,  the 
d e t e c t o r ,  D, w i l l  excahnge r a d i a t i o n  wi th  t h e  re ference  
blackbody, B ,  A t  the same t i m e ,  a r e f l e c t i o n  w i l l  t ake  place 
on t h e  aluminized side of t h e  chopper; t h e  f o c a l  plane w i l l  
be t r a n s f e r r e d ,  and it becomes co-planer w i t h  t h e  re t ic le ,  R. 
By means of t h e  f l a t  mi r ro r ,  E ,  and the camera ob jec t ive ,  L ,  

t h e  re t ic le ,  R ,  i s  imaged on the  photographic f i lm .  Introduc- 
i n g  t h e  diagonal  m i r r o r ,  M ,  and t h e  pentaprism, P, i n t o  t h e  
o p t i c a l  pa th ,  t h e  observer  can see a f i e l d  of view of 7!5 x 
5 !0 .  

The photographic camera is  e l e c t r i c a l l y  powered, and 
can be t r i g g e r e d  e i ther  by t h e  observer ,  o r  by t h e  opera tor  
from t h e  e l e c t r o n i c  console.  For each frame t h a t  i s  secured,  
a s i g n a l  i s  recorded on t h e  paper c h a r t  and on magnetic tape .  
Moreover, each s i g n a l  i s  counted by an electro-mechanical 
counter  w i th in  the  e l e c t r o n i c  console.  

When t h e  i n f r a r e d  channel has been refocused af ter  t h e  
i n s e r t i o n  of an i n f r a r e d  f i l t e r ,  a compensating p l a t e ,  Q ,  . -  
w i l l  be in t roduced  or  removed from t h e  path t o  keep t h e  photo- 
graphic-v isua l  channel i n  focus.  These compensating p l a t e s  
are opera ted  f r o m  t h e  ou t s ide  of t h e  pyrometer head. 

* 
G o l d  f i lms  have h igher  s p e c t r a l  r e f l e c t a n c e  a t  l o p  than 
aluminum f i l m s  . 
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Figure.  3-4 is a photograph o f  the i n s i d e  of t h e  pyro- 
m e t e r  head. 

1. Vari'ab'le'. SpeetP Chopper Subassembly 

Figure 3-5 is an i somet r i c  view of t h e  complete v a r i a b l e  
speed chopper subassembly. This  u n i t  is designed t o  provide 
a cont inuous ly  v a r i a b l e  speed chopper t o  set the  proper  speed 
i n  accordance wi th  t h e  t i m e  cons tan t  of t h e  d e t e c t o r  and 
scanning rates. The u n i t  must a l so  opera te  as an o p t i c a l  
swi t ch  f o r  t h e  radiometr ic  and photographic-visual channels.  
The g l a s s  chopper opera tes  a s  an o p t i c a l  f l a t  f o r  t h e  o p t i c a l  
t r a i n  of t h e  photographic-visual  channel. Since w e  r e q u i r e  
t h a t  t h e  wandering of t h e  image must be kep t  below + l'', 
a s p e c i a l  mounting w a s  designed t o  accu ra t e ly  obta in  

t h e  pe rpend icu la r i ty  of t h e  chopper t o  i t s  a x i s  of r o t a t i o n .  
The u n i t  w a s  designed and b u i l t  wi th  extreme care i n  o rde r  to:  

- 

a. 

b.  

C. 

d. 

e. 

AS 

int roduce t h e  m i n i m u m  amount of v i b r a t i o n  t o  
t h e  pyrometer head; 
avoid temperature  changes on t h e  g l a s s  chopper 
caused by t h e  heat transfer f r o m  t he  motor: 
overcome smaothly t h e  i n e r t i a  of the' r o t a r y  p a r t s  
a t  s t a r t  and s top ;  
have cons tan t  speed af ter  s e t t i n g  the proper ratio;  
and 
achieve a uniform performance over  a range of 
temperature  between -2OOC (-40OF) and +3OoC (86OF). 

a. G l a s s  Chopper 

Figure 3-5 i n d i c a t e s ,  t h e  g l a s s  chopper has  t w o  blades.  
I t  i s  made of Pyrex 2 . 4  mm (3/32 i n , )  t h i c k ,  and t h e  diameter 
is 133 mm (5% i n . ) .  The. su r f ace  used i n  t h e  photographic-visual 
channel is f i n i s h e d  wi th in  h / 4  wavelength. The s i d e  fac ing  t h e  
rad iometr ic  channel is  f i n i s h e d  wi th in  one wavelength. The chopper was 
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F I G .  3-4. V i e w  of t h e  pyrometer head with t h e  s i d e  p l a t e  removed. 
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s tq t ica l ly  balanced, and the center hole has a good f i n i s h  

f o r  accu ra t e  r a d i a l  cen te r ing ;  t h e  t o t a l  c learance  between 
t h e  chopper ho le  and t h e  s h a f t  measure 20,311 ( 0 . 0 0 0 8  in . ) .  

Before t h e  chopper w a s  aluminized, it was thoroughly 
checked. A v a r i a t i o n  i n  th ickness  of t he  b lade  of a maximum 
12.711 (0 .0005 i n . )  was measured wi th  an Etalon Micrometer 
( 0 . 0 0 0 1  inch p e r  d i v i s i o n ) .  Furthermore, t h e  f l a t n e s s  of 
t h e  chopper w a s  checked v i s u a l l y ,  by m e a n s  of t he  i n t e r -  
fe rence  f r i n g e  method. 

The chopper was coated i n  our  l abora to ry ,  The s i d e  
f ac ing  t h e  photographic--visual channel was aluminized. For 
t h e  o t h e r  s i d e ,  gold was evaporated.  Since gold does n o t  
r e a d i l y  bond t o  g l a s s ,  a base l a y e r  of Inconel  was evaporated 
f i rs t ,  t h e  gold l a y e r  being evaporated on top .  To increase  
t h e  adhesion of t h e  gold ,  t h e  chopper w a s  baked a t  12OOC 

(248OF) f o r  f i f t e e n  minutes. This method was appl ied  on a 
sample g l a s s  and tests w e r e  made, a t tempting t o  pee l  o f f  
t h e  coa t ing  with masking (Scotch) tape  o r  by sc ra t ch ing  it 
with a needle.  Baking d e f i n i t e l y  improved t h e  r e s i s t a n c e  t o  
mechanical ac t ion  on t h e  f i lm.  

The chopper holder  and adjustment mechanism is  ind ica t ed  
i n  Figure 3-6. The purpose of the adjustment mechanism i s  t o  
s e t  t h e  chopper perpendicular  t o  t h e  chopper s h a f t  by means 
of t h r e e  screws, using an au tocol l imator  a s  a measuring 
instrument .  

The th ickness  r e l a t i o n s h i p  between t h e  "tongues",  A, B 

and C, a s  w e l l  as t h e  m a t e r i a l ,  was chosen t o  obta in  a non- 
c r i t i ca l  adjustment by means of t h e  screws, D, The surfaces  
i n d i c a t e d  as lapped w e r e  f i n i s h e d  with Paris rouge t o  wi th in  
6 . 3 ~  (0 .00025  i n . )  on a c i rc le  of 25.4 mm (1 i n . )  diameter. 
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b. -er S h a f t  Subassemblx 

I n  order t o  keep t h e  angular  adjustment of t h e  chopper 
p r e c i s e ,  and t o  a s su re  smooth running of t h e  s h a f t ,  it w a s  
designed as an isostatic s y s t e m ,  Two angular  con tac t  b a l l  
bear ings  a t  one end of t he  s h a f t  e l imina te s  t w o  degrees of 
freedom, and one b a l l  bear ing  f i t t e d  loosely. a t  t h e  o t h e r  end 
of t h e  s h a f t  e l i m i n a t e s  t h e  t h i r d  degree of freedom. 

The s h a f t  i s  made of s t a i n l e s s  steel ,  When f i n i s h e d ,  
it was measured c a r e f u l l y ;  t h e  off-roundness of the s h a f t  
w a s  undetected when using a d i a l  i n d i c a t o r  ( 0 . 0 0 1  i n . ) .  

The ba l l  bear ings  shown i n  Figure 3-4 are p rec i s ion  type 
no. 7;  t h e  angular  con tac t s  a r e  pre-loaded wi th  f o u r  pounds. 
The r e g u l a r  b a l l  bea r ing  has  a d u s t  s h i e l d  as suppl ied  by 
t h e  manufacturer;  t h e  o t h e r  two angular  con tac t  b a l l  bear ings 
have a double s h i e l d i n g  system designed and f a b r i c a t e d  by 
our  group. Looking a x i a l l y  outward from t h e  i n s i d e  of  t he  
bear ing ,  t h e  f i r s t  s t a g e  of t h e  l a b y r i n t h i n e  s h i e l d i n g  can 
be seen;  t h e  second s t a g e  i s  a c a v i t y  f i l l e d  with m e d i u m -  
v i s c o s i t y  grease .  The o u t s i d e  w a l l  of t h i s  c a v i t y  i s  a 
Teflon d i sk .  There i s  a c learance  between t h e  s h a f t  and t h e  
d i s k ,  b u t  fo r  t h e  range i n  temperature of -15OC t o  -25OC, 
(+5OF t o  +77OF) the  su r face  tens ion  of the grease  i s  enough 
t o  avoid any leak through t h e  c learance .  

* 

c. Clutch 

The f r i c t i o n  c l u t c h  i s  provided t o  allow enough s l ippage  
during a c c e l e r a t i o n  o r  dece le ra t ion  of t he  chopper t o  avoid 
undes i rab le  dynamic load  on t h e  v a r i a b l e  r a t i o  speed changer, 
and t o  avoid h e a t  t r a n s f e r  from t h e  motor and speed changer 
t o  the  chopper. 

I t  c o n s i s t s  of t w o  aluminum cups wi th  t w o  d i sks  of 
urethane foam. 

. 
* Small s i z e s  of angular  con tac t  b a l l  bear ings are n o t  suppl ied  

wi th  a dus t  sh i e ld  by t h e  manufacturers.  
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d. Variable  R a t i o  Speed Changer 

The v a r i a b l e  r a t i o  speed changer i s  commercially * 
a v a i l a b l e  . It i s  a f r i c t ion - type  changer and t h e  r a t i o  
range i s  continuously v a r i a b l e  wi th in  a 1:5-5:1 ra t io .  The 
torque t h a t  can be t r ansmi t t ed  i s  f r o m  5-40 inch-ounces, 
depending on t h e  speed; e f f i c i e n c y  i s  7 percent .  

To change t h e  r a t i o  of t h e  speed changer,  the  s h a f t  i s  

coupled t o  a 10-turn counter  mounted on t h e  s i d e  o f  t h e  
pyrometer head and c a l i b r a t e d  i n  a c t u q l  chopping frequency. 

** 
e.  F lex ib l e  Sha f t  C’oupling 

The f l e x i b l e  minia ture  s h a f t  coupling i n d i c a t e d  i n  
Figure 3-5 i s  a p rec i s ion  l i gh t -du ty  type.  T h i s  coupling 
is  p rec i s ion  machined f r o m  one p i ece  of m e t a l  made by 
c u t t i n g  a h e l i c a l  groove around i ts  ou t s ide  diameter.  The 
remaining m a t e r i a l  resembles a k n i f e  blade wrapped edgewise 
around an a x i a l  w i r e .  T h i s  h e l i c a l  shaf t -coupl ing i s  

l a t e r a l l y  f l e x i b l e  and t o r s i o n a l l y  r i g i d .  

f ,  E lec t r ic  Motor 

To reduce v i b r a t i o n ,  w e  chose an electric motor t h a t  
opera tes  w i t h  a high induct ion  f i e l d  so t h a t  t h e  mass of the  
r o t o r  i s  s m a l l .  The motor i n d i c a t e d  i n  Figure 3-5 i s  a 
Globe I n d u s t r i e s  MC Hys te r i s  Synchronous motor. I t  has f o u r  
poles  operated from a s ingle-phase,  110 V and 60 Hz power 
supply,  and uses 1 2  w a t t s .  The  speed i s  1800 rpm, rated a t  
0 . 7  inch-ounces. The mounting b racke t  f o r  t h e  motor has  been 
designed t o  allow minimum h e a t  t r a n s f e r  by conduction from 
t h e  motor t o  t h e  mounting base of t h e  subassembly; cool ing i s  
mainly by r a d i a t i o n .  A t  room temperature,  t h e  temperature 

measurement on t h e  motor case w a s  6OoC ( 1 4 0 O F ) ;  wi th  load ,  
it measured 6 1 O C  (142O~) 

* Miniature Var i ab le  Rat io  Speed Changer, Type 2D, Metron I n s t r u -  
ment C o . ,  L i t t l e t o n .  Colorado 

** H e l i - C a l ’  F l ex ib l e  Shaft-Coupling , Prec i s ion  Light  Duty S e r i e s  
Catalog N o .  7-62. 
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g .  

The speed range of t h e  subassembly w a s  checked with 
t h e  chopper mounted. Since a t  h igh  speed we  have l i m i t e d  
a v a i l a b l e  torque ,  t h e  use fu l  range i n  speed i s  t h e  one 
g iv ing  a chopping frequency of 1 0  Hz t o  70 Hz. 

T o d e t e c t  any possible.  s l ippage  i n  t h e  c lu t ch  of t h e  
v a r i a b l e  speed changer,  t h e  constancy of t h e  speed w a s  check- 
ed  e l e c t r o n i c a l l y  ( L i s s a j o u ' s  f i g u r e s )  s A t  1 0  Hz t h e  devia- 
t i o n  i n  frequency w a s  peak-to-peak 3. 0 .6  percent  over t w o  
hours.  Since t h e  motor w a s  connected t o  t h e  l i n e ,  w e  may 
assume t h a t  t h i s  v a r i a t i o n  i n  frequency came from t h e  power 
supply l i n e .  

_I 

2 .  Reference Blackbody . . - .  . . . . . , . 

The s a m e  gene ra l  cons idera t ions  t h a t  w e  s h a l l  g ive  t o  

t h e  c a l i b r a t i o n  blackbody, (Sect ion 111, B-3) , apply t o  t h e  

re ference  blackbody. 

This blackbody i s  shown schematical ly  i n  Figure 3-7. The 
b a s i c  body i s  made from co ld - ro l l ed  steel .  The i n s i d e  has been 
machined with grooves 3.2 mm (1/8 i n . )  deep, and a 14' ape r tu re .  
A f t e r  machining, i t  w a s  hea ted  with a t o rch  t o  oxid ize  t h e  
su r face  and t o  ob ta in  h ighe r  emis s iv i ty .  

T o  reduce g r a d i e n t s  i n  temperature and short- term d r i f t ,  
t h e  body has  a s u b s t a n t i a l  thermal capac i ty .  The add i t ion  
of extremely good thermal i n s u l a t i o n  a l l  around minimizes h e a t  
conduction from o r  t o  t h e  rest of t h e  pyrometer head. 

A s  Figure 3-7 shows, t h e  steel  core w a s  i n s u l a t e d  with 
a l t e r n a t e  l a y e r s  of c losed  ce l l  Styofoam F. B. (Dow Chemical 
Company) and s h e e t s  of aluminum f o i l  i n  t h e  following sequence, 
from i n s i d e  t o  ou t s ide :  Styrofoam, aluminum f o i l ,  Styrofoam, 
aluminum f o i l  and Styrofoam. The u n i t  i s  housed i n  a b ra s s  
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con ta ine r  designed f o r  t h i s  app l i ca t ion .  The f r o n t  of t h e  
re ference  blackbody has an i n s u l a t i n g  f i b e r g l a s s  sili 
impregnated r i n g ,  and it i s  sea l ed  a l l  around with epoxy 
r e s i n .  On t h e  f i b e r g l a s s  r i n g ,  an ape r tu re  s t o p  is  mounted 
which could be replaced i n  accordance with t h e  f-number of 
t h e  o p t i c a l  system. 
w i l l  accept  is  f/3.5. 

The minimum f-number t h a t  t h e  blackbody 

The rear of t h e  steel core is  also i n s u l a t e d  with a 
series of Styrofoam and aluminum f o i l  layers. 

I n  o rde r  t o  keep coupling by thermal conduction a t  a 
minimum, t h e  re ference  blackbody i s  f a s t ened  t o  t h e  mounting 
b racke t  by s i x  nylon s c r e w s .  There i s  no metal-to-metal 
con tac t  between t h e  steel core  and t h e  rest of t h e  pyrometer 
head. I n  a d d i t i o n ,  t h e  base of t h e  mounting bracke t  has  
f i n s  t o  reduce even more t h e  h e a t  t r a n s f e r  by conduction. 
s a m e  has been done w i t h  t h e  guide p l a t e  which p o s i t i o n s  t h e  
d e t e c t o r .  

The 

The pos i t i on ing  of t h e  detector i s  assured  by t h e  pos i t ion-  
i n g  ho le ,  as Figure.3-7 shows. The c learance  between the  
d e t e c t o r  mount and t h e  hole  i s  + 0.00025 inches .  - 

Previous experience has  shown t h a t  it is n o t  advisable  
t o  have a c o n t r o l l e r  f o r  t h e  temperature of t h e  blackbody. 
Ins t ead ,  it is  more r e l i a b l e  t o  monitor t h e  temperature con- 
t i nuous ly ,  and t o  record  t h e  temperature a t  t h e  t i m e  of the 

measurements (provided tha t  t h e  measurements l a s t  f o r  a s h o r t  
t i m e ,  as compared t o  t h e  thermal t i m e  cons t an t  of t h e  ca l ib ra -  
t i o n  blackbody). T o  measure t h e  temperature,  w e  used a bead 
the rmis to r  (Sect ion 111, B - 4 ) .  

r a p  f erence b 1 ackbody 
had : (a) taken from 

t h e  guide p l a t e  s i d e ,  and (b)  taken from t h e  ape r tu re  s t o p  s ide .  
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3. Ca l ib ra t ion  Blackb.ody 

For  t h e  c a l i b r a t i o n  of  t h e  pyrometer a t  t h e  te lescope  
w e  used a blackbody (Figure 3-9) t h a t  rs hea ted  by hea t -  
i ng  element and t h e  temperature i s  measured using a thermis tor  
thermometer. 

Several problems became apparent  i n  t h e  design of such 
a blackbody : 

1. 

2. 

3 .  

4 .  

Any conventional blackbody c a v i t y ,  such as  con ica l ,  
cy l ind r i ca l - con ica l ,  double-reversed con ica l ,  e t c . ,  
becomes p r o h i b i t i v e l y  l a r g e  when a b i g  opening i s  
requi red .  
Gradients  of temperature occur  on t h e  c a v i t y  i t s e l f  
un le s s  extreme c a r e  i s  taken.  
E r r o r s  a r i s e  i n  the  temperature reading of t he  
blackbody. 
The va lue  of t h e  e f f e c t i v e  e m i s s i v i t y  is  n o t  known. 

The s o l u t i o n  t o  problem 1 i s  t o  use a Fresnel-type of black- 
body5. 
1 4 O  grooves, w e  switched t o  p a r a l l e l  wedges with 15O angle 6 . 
The choice of m a t e r i a l  f o r  t h e  blackbody should be made on 
t h e  b a s i s  of i t s  thermal d i f f u s i v i t y ,  maximum thermal capac i ty ,  
and high e m i s s i v i t y .  
w i l l  be copper and steel .  Table 3-1 g ives  t h e  thermal 
d i f f u s i v i t y ,  r a t i o  of t h e r m a l  c a p a c i t i e s  f o r  u n i t  volume and 
e m i s s i v i t i e s .  
d i f f u s i v i t y  copper i s  less s u s c e p t i b l e  t o  thermal g rad ien t s  
than steel. 
capac i ty  of copper, b u t  i t s  emiss iv i ty  i s  appreciably lower 
than steel. 

Because of d i f f i c u l t i e s  i n  machining of t h e  

The m o s t  p r a c t i c a l  materials t o  analyze 

Table 3-1 shovs that  because o f  i t s  high 

There i s  p r a c t i c a l l y  no d i f f e rence  i n  thermal 

Probably, emis s iv i ty  can be increased  by chemical 
e t ch ing  of t h e  s u r f a c e ,  I 

I n  our  case, steel r a t h e r  than copper w a s  chosen mainly 
on t h e  b a s i s  of h i g h e r  emis s iv i ty .  
g r a d i e n t s ,  t h e  blackbody w a s  very  w e l l  i n s u l a t e d .  

To reduce the  probable 
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F I G .  3-9. Schematic of t h e  c a l i b r a t i o n  blackbody. 

F I G .  3-10. Cross-section of the  the rmis to r  assembly u n i t s .  
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4 .  ThemLSt’ors 

The sens ing  elements for  measuring the temperature of 
t h e  re ference  and the c a l i b r a t i o n  blackbody are h e m e t i c a l l y -  
s ea l ed  bead the rmis to r s  manufactured by Victow Engineering 
Corporation. For t h e  re ference  blackbody, w e  used a the rmis to r ,  
Model 32A38B2, which has  a r e s i s t a n c e  of approximately 2 , 0 0 0  

ohms a t  25OC (77OF) with a temperature c o e f f i c i e n t  of -3.9% p e r  
O C  ( -2 .2% p e r  O F ) ,  For  t h e  c a l i b r a t i o n  blackbody w e  used 
Model 33A7S1, which has a r e s i s t a n c e  of approximately 5 , 0 0 0  
ohms a t  25OC (77OF) with t h e  same temperature c o e f f i c i e n t .  

Each thermis tor  w a s  mounted i n  a ho lder  i n  accordance 
with t h e  schematic diagram given i n  Figure 3-10. Three main  
cons idera t ion  l e d  t o  t h i s  design: 

1. Easy s u b s t i t u t i o n  i n  t h e  case  of f a i l u r e  of t h e  
the rmis to r ,  o r  a change i n  i t s  c a l i b r a t i o n ;  

2 .  p ro t ec t ion  of t h e  g l a s s  envelope of t h e  the rmis to r ;  
and, 

3. good thermal coupling between t h e  bead and t h e  
blackbody. 

The g l a s s  thermis tor  i s  mounted i n  a s t a i n l e s s  s teel  holder  
and i s  he ld  a t  both ends by means of t w o  s i l i c o n e  rubber 
disks. This arrangement has  t h e  d i s t i n c t  advantage of a l l o w -  
ing  good thermal coupling between t h e  bead the rmis to r  and 
t h e  blackbody. Moreover, because of t h e  s i l i cone  rubber mount- 
i n g ,  a l i g h t  pressure  by t h e  bead on t h e  blackbody can be 
achieved. I n  the  f i n a l  assembly, a drop of Dow-Corning H e a t  

Sink Compound N o .  340 i s  placed on t h e  t i p  of t h e  the rmis to r  
g l a s s  envelope t o  inc rease  t h e  e f f e c t i v e  thermal coupling 
between t h e  thermis tors  and t h e  blackbodies.  

5 .  Opt ica l  F i l t e r s  

a .  I n f r a r e d  -- 
On t h e  b a s i s  of t h e  s o l a r  s p e c t r a l  r a d i a n t  emi t tance ,  

t he  range of temperatures expected on t h e  moon, and t h e  s p e c t r a l  
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t ransmi t tance  of the atmosphere, w e  used the 8y t o  14y region 
f o r  our measurements. I n  t h i s  reg ion ,  s eve ra l ' abso rp t ion  
bands e x i s t  due t o  03, H 2 0 ,  GO2 and N20, 
t hese  bands makes the determinat ion of t h e  atmospheric 
a t t e n u a t i o n  a r a t h e r  complicated a f f a i r  when car ry ing  o u t  
absolu te  measurements. I f  t h e  p r o p e r t i e s  of the atmospheze 
remain t h e  same, re la t ive measurements s impl i fy  the problem 
considerably.  

T h e  ex i s t ence  of 

Because of this, we  chose a set of two f i l ters ,  one for 
relative measurements and another  f o r  absolu te  measurements. 
Figure 3-11 gives t h e  s p e c t r a l  t ransmi t tance  of t h e  f i l t e r  
f o r  absolu te  measurements, (curve 21, and f o r  re la t ive  
measurements, (curve 1) Ir as w e l l  a s  t h e  s p e c t r a l  t ransmi t tance  
of t h e  ear th  I s atmosphere, where the s t rong  atmospheric bands 
a r e  ind ica t ed .  The s p e c t r a l  t ransmi t tance  given by curve 1. 
i s  obtained by a long wave pass f i l t e r  wi th  a G e  s u b s t r a t e  
,040 inches t h i c k  and a B a F 2  blocking window. The bandpass 
i n t e r f e r e n c e  f i l t e r ,  which g ives  the s p e c t r a l  t ransmi t tance  
given by curve 2 w a s  obtained by the depos i t ion  of a series 
of about f i f t y  dielectr ic  and semiconductor l a y e r s  on I t r a n  
I1 substrate. 

I 

These f i l t e r s  w e r e  checked by t h e  manufacturer f o r  
opera t ion  a t  lower temperatures and d i f f e r e n t  angles  of 
incidence.  The f i l t e r s  w e r e  checked p e r i o d i c a l l y  with a 
Perkin-Elmer spectrophotometer.  Our experience with i n t e r -  
fe rence  f i l t e rs  i n d i c a t e d  t h a t  moisture  could g e t  between 
t h e  evaporated l a y e r s  and completely modify t h e  t ransmi t tance  
of t h e  f i l t e r s .  This i s  p a r t i c u l a r l y  no t i ceab le  if care has 
n o t  been taken t o  seal around t h e  edge o f  t h e  f i l t e r s  properly.  
W e  d i d  n o t  have moisture  problems wi th  t h e  substrates for  
I t r a n  II (23x3) and G e ;  t he se  w e r e  given a s o l u b i l i t y  of 
0 

had a so lub i l i t y  of on ly  0.17 'under  the same tes condi t ions ,  
and i s  s l i g h t l y  hygroscopic. 

/ l o o m 1  of H20 a t  2OoC (68aF) .  The BaF2 blocking window 
g r  
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WAVELENGTH, X ; (microns) 

FIG. 3-11. S p e c t r a l  t r ansmi t t ances  T~ (1) of 1) wide-bandpass f i l t e r  
d e t e c t o r  window combination, and 2 )  narrow-bandpass f i l t e r  
detector window combination. Predicted s p e c t r a l  atmospheric 
t ransmi t tance  T ~ ( X )  based upon our  model f o r  10  mm of pre- 
c i p i t a b l e  water and m = l .  Regions of t h e  spectrum with the  
important  absorbing c o n s t i t u e n t s  a r e  marked. (The region 
between 12.54 and 13.011 has been i n t e r p o l a t e d . )  

WAVELENGTH ( ! 1 

F I G .  3-12. S p e c t r a l  r a d i a n t  t ransmi t tance  of t h e  t w o  mu l t i l aye r  
i n t e r f e r e n c e  filters f o r  t h e  v i s ib le  channel of t h e  
r a d i a t i o n  pyrometer. 
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To miniqize a l l  the moisture problems, t h e  f i l t e r  s l i d e  
which holds  the filters i s  removed from the pyrometer head 
when the instrument  i s  not i n  use,  and i s  kep t  i n  a box with  
s i l i c a  gel. 

b. Vi’s’5ble 
k - .. 

The f i l t e r s  i n  t h e  v i s i b l e  range w e r e  mu l t i l aye r  i n t e r -  
fe rence  f i l ters .  The a c t u a l  s p e c t r a l  t ransmi t tance  is given 
i n  Figure 3-12. One f i l t e r  w a s  cen tered  a t  4362 A and had a 
bandpass of 115 A; t h e  second one was  cen tered  a t  5135 A, 

wi th  a 100 bandpass. A t  p r e sen t  t h e  t w o  f i l ters  a r e  mounted 
i n  t h e  slide holder .  

0 

0 

Both Grainger’ and Coyne8 have r epor t ed  luna r  luminescence 
i n  t he  5000 t o  5300 band, b u t  Grainger r e p o r t s  an absence 
of luminescence between 4500 A and 4800 A. A t  t hese  wavelengths 
t h e  d i f f e r e n c e  i n  b r igh tness  between maria and mountainous 
regions on t h e  moon is  less than toward t h e  r ed  p a r t  of t h e  
spectrum. 

0 0 

6 .  Focusing Compensator 

Once t h e  i n f r a r e d  detector i s  focused, w e  should a l s o  
keep t h e  visual-photographic  channel focused. T h i s  adjustment 
i s  done once a t  t h e  labora tory .  During a c t u a l  observing 
cond i t ions ,  we  have t o  reset t h e  focusing of t h e  i n f r a r e d  
channel i n  accordance w i t h  t h e  f i l t e r  t h a t  is  i n s e r t e d  i n  t h e  
o p t i c a l  path.  Since w e  have a given set of f i l t e r s  i n  t h e  
f i l t e r  ho lde r ,  w e  can ob ta in  the  o p t i c a l  th ickness  of each 
f i l t e r  with accuracy, and in t roduce  o r  remove a compensating 
p l a t e  i n  t h e  visual-photographic channel (see Figure 3-13). 
Furthermore, w e  have t o  maintain t h e  pe rpend icu la r i ty  t o  t h e  
o p t i c a l  a x i s  of both t h e  i n f r a r e d  f i l t e r  and focusing com- 
pensa tor  t o  a s su re  t h a t  t h e  homologous p o i n t s  move along t h e  
o p t i c a l  axis, and do n o t  s u f f e r  any angular  displacement which 
would in t roduce  an inadmiss ib le  e r r o r  i n t o  t h e  l o c a t i o n  of t h e  
r e s o l u t i o n  element. 
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Figure 3-14a, shows the d e t e c t o r  E l a k e  immersed i n  a 
germanium hen i sphe r i c  lens .  Figure 3-14b. shows the ray  
t r a c i n g  be fo re  and a f te r  the f i l t e r  has been introduced i n t o  
t h e  pa th  of t h e  rays, 

T f  we cons ider  t h a t  the f i l t e r  i s  not perpendicular  
t o  t h e  o p t i c a l  a x i s  and is  t i l t e d  by an amount A O ,  the p o i n t  
A '  w i l l  s u f f e r  a displacement A r  expressed by: 

H 
Ar = . . . -  A 0  , 

2 cos 0 

where 0 is the angle  of incidence on the f i l t e r ,  and H i s  t h e  
d i s t ance  from t h e  rear su r face  of t h e  f i l t e r  t o  t h e  f o c a l  
po in t .  

I f  wetake as a to l e rance  A r  < + 0 . 0 1  m f o r  our  equip- - -  
ment, A 0  = + 2 ' .  - 

The s a m e  cons idera t ion  of pe rpend icu la r i ty  t o  t h e  o p t i c a l  
a x i s  of t he  i n f r a r e d  f i l t e r  app l i e s  a l s o  t o  the compensating 
p l a t e s .  I n  t h i s  case, H w i l l  be  t h e  d i s t ance  f r o m  t h e  com- 
pensa t ing  p l a t e  t o  the reticle,  and i s  40 .5  mm (1.59 i n . )  f o r  
the p l a t e  f u r t h e s t  away f r o m  t h e  reticle.  
because of the in t roduc t ion  of t h e  p l a t e  w e  can tolerate a 
maximum error of A r  =r0.05 mm on t h e  re t ic le ,  t h e  maximum 
angular  error t h a t  can be t o l e r a t e d  i s  A c t  = + 4 ' ,  

I f  we assume t h a t  

The displacement of Af f r o m  A t o  A ' ,  when a f i l t e r  of 
th ickness  d and index of r e f r a c t i o n  n is  introduced perpendicular  
t o  t h e  o p t i c a l  a x i s ,  i s  given by the fol lowing expression:  
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FIG. 3-14. E f f e c t  i n  t h e  focusing produced by t h e  i n s e r t i o n  o f  f i l ters  
or  compensating p l a t e s  i n  t h e  o p t i c a l  pa th ;  a.) immersion 
l ens ,  b.) f i L t e r  o r  compensating p l a t e .  
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A f  = d (3-2) 

For an o p t i c a l  system wi th  an f-number f75, w e  can 
rewrite Eq. (3-2):  

An a d d i t i o n a l  blocking f i l t e r  might be added with o t h e r  
o p t i c a l  and dimensional c h a r a c t e r i s t i c s  than t h e  s u b s t r a t e  
of the i n t e r f e r e n c e  f i l t e r .  I n  t h i s  case, Eq .  (3-3) w i l l  
become : 

n -1 
Af = 

m 
(3-4) 

where m i s  t h e  number of o p t i c a l  media along t h e  path.  

Introducing t h e  proper va lues  f o r  F i l te rs  N o .  1 and 2 
( s p e c t r a l  t ransmi t tance  given i n  Figure 3-11) i n t o  Eq. ( 3 - 4 )  

w e  obta in :  

F i l t e r  N o .  1 Afl = +1.5 mtn 

F i l t e r  N o .  2 Af2 = +0.56 mtn . 

On t h e  b a s i s  of t h e  changes i n  focus Afl and Af2 , w e  
computed t h e  th ickness  of t h e  focusing compensating p l a t e s  
manufactured from g l a s s  w i th  an index of r e f r a c t i o n  n,, = 1.65 
- + 0.02 .  
r e spec t ive ly .  

The th icknesses  are dl = 3.93 mm and d2 = 1 . 4 1  rnm, 
Both s i d e s  of these plates have an a n t i - r e f l e c t i o n  
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coat ing .  Each compensating p l a t e  i s  mounted on a lever 
mechanism which can be opera ted  f r o m  o u t s i d e  the pyrometer 
head by means of a handle.  

7. R e t i c l e  

The reticle is  a c ross l ine - type  w i t h  t h e  ho r i zon ta l  
l i n e  graduated i n  1/2 m i l l i m e t e r s .  T h e  reticle i s  engraved 
on g l a s s  21 mm (0.827 i n . )  i n  diameter  and 3 mm ( 0 . 1 1 8  i n . )  
t h i ck .  The i l l umina t ion  i s  from t h e  side,  by means of two 
g ra ins  of wheat bulbs  (Chicago Miniature  Lamp Works N o .  

CM 8-666); the b r igh tness  i s  c o n t r o l l e d  by means of a 
r h e o s t a t  a t  t h e  e l e c t r o n i c  console .  

The reticle is  on a mounting wi th  t h e  proper  adjustment 
screws f o r  o p t i c a l  alignment.  

8 .  PhotoaraDhic C a m e r a  

The photographic camera i s  a 35 mm Nikon F. It i s  a 
r e f l e x  camera with pentaprism, W e  mounted a Nikon ob jec t ive  
f/2.0 which has  50 mm f o c a l  length .  The capac i ty  of the  

cassette is  9 . 1  m e t e r s  (30 f t . ) ,  equ iva len t  t o  250 exposures.  
The f i e l d  of view of t h e  camera i s  715 x 5!0 when a t e l e scope  
with a scale of 25"/mm is used; t h i s  f i e l d  s i z e  allows a 
proper  a rea  i d e n t i f i c a t i o n ' o v e r  any region of the luna r  d i sk .  

The f i l m  t r a n s p o r t  i s  dr iven  by a 1 2  V dc motor and can 
be t r i gge red  by push-buttons on t h e  pyrometer head o r  from t h e  
e l e c t r o n i c s  console : 

Every t i m e  a p i c t u r e  is  taken ,  a s i g n a l  i s  recorded i n  
t h e  event  channel of the paper c h a r t  recorder ;  an audio s i g n a l  
is  made on t h e  magnetic tape  recorder ;  and, a l s o ,  each exposure 
is counted by an %elec t romagnet ic  counter  i n  t h e  e l e c t r o n i c  
console and i n  the  head. 
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T o  prevent  loss of d a t a  caused by t h e  dep le t ion  of t h e  
f i l m  supply,  w e  added a switch and a c i r c u i t  t o  t h e  i n t e r i o r  
of t h e  camera, wi th  an e x t e r n a l  bulb t o  i n d i c a t e  when the 
e n t i r e  r o l l  of f i l m  has  been used; t h e  bulb  l i g h t s  when only 
one frame i s  a v a i l a b l e .  

The range o f  exposure t i m e  i s  from 1 second t o  1/1000 
seconds. Moreover, f o r  l u n a r  photography, w e  need Kodak 
Plus  X f i lm .  This i s  a th ree - l aye r  f i l m  designed for  use 
where l i g h t  condi t ions  during the  exposure are unpredic tab le  
and t h e  range i n  image b r i g h t n e s s  i s  much l a r g e r  than t h e  
dynamic range of a s tandard  f i l m .  

T o  determine t h e  minimum temperature a t  which t h e  camera 
could ope ra t e ,  w e  ran  a t es t  i n  an environmental  chamber for  
low temperatures .  The camera w a s  operated f o r  a long per iod 
of t i m e  wi thout  f a i l u r e  down t o  -22*C (-7.6OF)" 

9 .  Phase Sensor 

The phase senso r ,  H ,  i n d i c a t e d  i n  Figure 3 - 3 ,  i s  a 
r e f  l ec t ion - type  sensor  and c o n s i s t s  of an aluminum block 

which holds  a subminiature G e  photodiode (Amperex OAP12) and 
a l i g h t  bulb wi th  a condensing l e n s  ( G E - 2 2 4 ) .  These two 
components are mounted i n  bores a t  a 60' angle .  When t h e  
g l a s s  chopper i s  i n  f r o n t  of t h e  phase senso r ,  t h e  l i g h t  
beam from t h e  bulb i s  r e f l e c t e d  on t h e  mi r ro r  and f a l l s  on 
the  photodiode. The c learance  between t h e  chopper and phase 
sensor  i s  1 . 6  mm ( 0 . 0 6 3  i n . ) .  The output  from t h e  phase sensor  
is a square wave w i t h  very s m a l l  rise t i m e .  Moreover, s i n c e  
t h e  photodiode works a t  t h e  p o i n t  of s a t u r a t i o n ,  any small  
changes i n  t h e  bulb  b r igh tness  do n o t  change t h e  amplitude 
of t h e  square wave. The whole phase senso r  subassembly could 
be ad jus t ed  over an angular  range of 76' t o  g e t  the proper  
electrical  phase w i t h  t h e  ou tpu t  s i g n a l  from t h e  p reampl i f i e r .  
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10.  Plug-In units 

D i f f e r e n t  d e t e c t o r s  w i th  t h e  a s s o c i a t e d  e l e c t r o n i c s  as 
w e l l  as focusing mechanism have been b u i l t  i n  t h e  form of 
in te rchangeable  plug-in u n i t s  f o r  use i n  connection with t h e  
r a d i a t i o n  pyrometer head. 

At 
u n i t s :  

a. 

b .  

C .  

p r e s e n t  t h e  pyrometer has  t h e  fol lowing plug-in 

For measurements i n  t h e  v i s i b l e  range wi th  an 
EMI-9524B pho tomul t ip l i e r  tube inc lud ing  t h e  
power supply ; 
f o r  focusing purposes using t h e  Foucaul t  tes t  
as p r i n c i p l e ;  and, 
f o r  measurements i n  t h e  i n f r a r e d  range wi th  t h e  
BE-2861 (see Table 3-11) immersed the rmis to r  
bolometer inc luding  b i a s  supply p r e a m p l i f i e r ,  
power supply and swi tches .  

a .  V i s i b l e  

This u n i t  w i l l  al low t h e  v i s u a l  scanning of t h e  same 
areas of t h e  moon t h a t  have been measured thermal ly .  The 
p h o t o e l e c t r i c  channel w i l l  subtend approximately t h e  same 
f i e l d  of v i e w .  The e x i t  s t o p  i s  a c i r c u l a r  diaphragm 0 . 3 3  mn 
( 0 . 0 1 3  i n . )  i n  diameter .  

This  plug-in u n i t  (see Figure  3-15) c o n s i s t s  of a photo- 
m u l t i p l i e r  tube EM1 9524B wi th  Sll s p e c t r a l  response,  a high 
vo l t age  power supply made of mecury b a t t e r i e s  (Mallory Type 
RM-413). 

The ga in  of t h e  pho tomul t ip l i e r  tube could be ad jus t ed  
t o  include only p a r t  of t h e  secondary stages because of t h e  
l a r g e  dynamic range i n  l u n a r  b r igh tness  under which t h e  tube 
must opera te .  
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The b a t t e r i e s  w e r e  p o t t e d  i n  epoxy, and t h e  photo- 
m u l t i p l i e r  tube  w a s  provided wi th  an e x c e l l e n t  magnet'ic 
and e l e c t r o s t a t i c  sh i e ld ing .  

The ou tpu t  of t h e  photomul t ip l ie r  has  been loaded with 
a 1 megohm resistor and has  been coupled t o  t h e  phase-control led 
rectifier by a l O p f  x 150  V non-polarized tantalum capac i to r .  

b .  Focusing and Foucaul t  T e s t  

Focusing a l a r g e  te lescope  with an i n f r a r e d  radiometer 
attached can be very  troublesome. This is  p a r t i c u l a r l y  t r u e  
i f  t h e  f o c a l  plane l ies  i n  an i n a c c e s s i b l e  l o c a t i o n  deep wi th in  
t h e  instrument  enc losure .  Moreover, t h e  i n s e r t i o n  of f i l t e r s  
t h a t  a r e  opaque t o  v i s i b l e  r a d i a t i o n  makes t h e  focusing of t h e  
instrument  even more d i f f i c u l t .  Temperature changes during 
the  course of a n i g h t ,  f l e x u r e  i n  t h e  t e l e scope ,  and o t h e r  
less obvious causes  may change t h e  r e l a t i v e  p o s i t i o n  of t h e  
f o c a l  p lane  of a large te lescope .  I f  an instrument  i s  t o  be 

used for  making measurements with high s p a t i a l  r e s o l u t i o n ,  
t h e  technique f o r  focusing must be made convenient so t h a t  
t h e  focus may be checked a t  f r equen t  i n t e r v a l s  throughout t h e  
course of t h e  observing. 

The focus ing  of the t e l e scope  with which t h e  pyrometer 
is  used, i s  achieved by means of a Foucault  test .  

The preampl i f ie r -de tec tor  plug-in u n i t  i s  removed from 
the  back of t h e  pyrometer and rep laced  by t h e  Foucault  tes t  
plug-in u n i t .  F igure  3-16 shows t h e  ray  t r a c i n g  of t h e  system. 

The o p t i c a l  system c o n s i s t s  of t h e  knife-edge and two 
p r o j e c t i o n  l e n s e s ,  a 75 mm f/2.5 Minolta Rokkor and a 38 mm 
f/7.6 Simpson 1 6  mm p r o j e c t i o n  l e n s .  When t h e  te lescope  i s  
i n  focus ,  a real image w i l l  l i e  i n  t h e  plane of t h e  knife-edge, 
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k . Lens.L, the Minolka Rokkor, foms a real image o f  the 
primary mirror a t  M, and t h i s  image can then be examined by 
t h e  obse rve r ’ s  eye a t  0 with  the a i d e  of the Simpson pro- 
j e c t i o n  l e n s ,  L2” 

Figure 3-17 shows t h e  mechanical arrangement o f  the 
Foucaul t  test plug-in un i t .  The k n i f e  i s  mounted i n  one end 
of a sleeve. The sleeve can be r o t a t e d  about an a x i s  p a r a l l e l  
t o  t h e  o p t i c a l  a x i s  of t h e  u n i t ,  b u t  no t  co inc ident  wi th  it. 
A g e a r  i s  a t t a c h e d  t o  t h e  s l e e v e ,  and a smaller gea r  meshes 
wi th  it. The s m a l l  gea r  may be rotated by t u r n i n g  i t s  
mounting s h a f t ,  and it, i n  t u r n ,  r o t a t e s  t h e  l a r g e r  gear, t h e  
s l eeve  and knife-edge, Because of t h e  eccentric mounting 
of t h e  sleeve r e l a t t v e  t o  t h e  o t p i c a l  qx i s  o f  t h e  tester, 
r o t a t i o n  of t h e  s l eeve  makes t h e  knife-edge move back and 
f o r t h  ac ross  t h e  a x i s .  T h i s  r o t a r y  device r ep laces  t h e  more 
complicated mechanism usua l ly  employed i n  Foucault  testers . 

When t h e  pyrometer i s  t o  be used, t h e  preampl i f ie r -de tec tor  
plug-in u n i t  is  s l i d  i n t o  t h e  instrument  u n t i l  one of t h e  f r o n t  
s u r f a c e s  of the d e t e c t o r  mount i s  i n  con tac t  with t h e  rear 
s u r f a c e  of t h e  guide p l a t e  (see Figure  3-8b.). Since t h e  
re ference  body is  i n  a f i x e d  p o s i t i o n  i n  t h e  pyrometer housing 
and s i n c e  t h e  p o s i t i o n  of t h e  the rmis to r  d e t e c t o r  is  f i x e d  
r e l a t i v e  t o  t h e  guide p l a t e ,  t h e  p lac ing  of t hese  two su r faces  
i n  con tac t  determines t h e  p o s i t i o n  of t h e  d e t e c t o r  i n  the  
pyrometer. The p o s i t i o n  of t h e  d e t e c t o r  i n  i t s  mount i s  known 
from t h e  manufacturer’s  s p e c i f i c a t i o n s .  

When t h e  t e l e scope  is  to be focused with t h e  Foucault  
u n i t  t h e r e  must be s o m e  means of pos i t i on ing  t h e  knife-edge 
i n  t h e  same plane as that  i n  which t h e  d e t e c t o r  lies when it 
is  i n  t h e  pyrometer. This i s  accomplished i n  the fol lowing 
manner: 
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The p o s i t i o n  of t h e  knife-edge r e l a t i v e  t o  t h e  f r o n t  
s u r f a c e  of t h e  Foucaul t  u n i t  i s  known from measurements i n  
t h e  l abora to ry .  Since t h e  p o s i t i o n  of t h e  d e t e c t o r  r e l a t i v e  
t o  t h e  rear s u r f a c e  of t h e  re ference  body i s  known, t h e  
s e p a r a t i o n  between t h e  rear s u r f a c e  of t h e  r e fe rence  body and 
t h e  f r o n t  s u r f a c e  of t h e  tester which w i l l  make t h e  kn i f e -  
edge and t h e  d e t e c t o r  l ie  i n  t h e  same p lane  may be ca l cu la t ed .  
I n  the l abora to ry ,  a feeler gauge of t h i s  c a l c u l a t e d  th ickness  
i s  p laced  i n  con tac t  w i th  the rear s u r f a c e  of t h e  re ference  
blackbody and t h e  Foucaul t  tester i s  s l i d  i n t o  t h e  pyrometer 
u n t i l  i t s  f r o n t  s u r f a c e  makes con tac t  wi th  the  f e e l e r  gauge. 
The knife-edge w i l l  then  l i e  i n  t h e  plane which t h e  d e t e c t o r  
occupies  when it i s  i n  t h e  pyrometer. The micrometer thimble 
i s  then turned  u n t i l  t h e  s p i n d l e  bea r s  a g a i n s t  a p l a t e  f i x e d  
t o  t h e  pyrometer housing. The reading of t h e  micrometer i s  
recorded. 

T o  focus t h e  t e l e scope  during a n i g h t  of observing, t h e  
p reampl i f i e r -de t ec to r  plug-in u n i t  i s  removed from t h e  pyro- 
m e t e r ,  t h e  m i c r o m e t e r  on t h e  Foucaul t  tester i s  set t o  t h e  
prev ious ly  recorded s e t t i n g ,  and t h e  u n i t  i s  s l i p p e d  i n t o  t h e  

pyrometer u n t i l  t h e  micrometer sp ind le  bears a g a i n s t  t h e  p l a t e  
a t t ached  t o  the housing. The knife-edge i s  then viewed w h i l e  

being rotated slowly, and t h e  t e l e scope  focus i s  racked back 
and f o r t h  u n t i l  t he  b e s t  focus i s  found. 

The tester is then  removed, and t h e  preamplif i e r -de t ec to r  
u n i t  is  replaced.  The e n t i r e  focus ing  ope ra t ion ,  inc luding  
t h e  changing of plug-in u n i t s ,  t a k e s  only a f e w  minutes and 
has  been found t o  be completely s a t i s f a c t o r y .  

c,  I n f r a r e d  

For  t h e  i n f r a r e d  channel t w o  plug-in u n i t s  have been 
designed and b u i l t ;  of t h e  t w o  on ly  one w i l l  be descr ibed i n  
t h i s  r e p o r t  s i n c e  only one w i l l  be used t o  ga the r  l u n a r  da ta .  
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c. 1 Theirmistor' Bolometers 
7 . 1 . .  1 .  - 

Since the theory and ope ra t ion  of the rmis to r  bolometers 
i s  w e l l  covered i n  t h e  l i t e r a t u r e ,  9r10111 w e  t h e r e f o r e  refer 
only t o  t h e  c h a r a c t e r i s t i c s  which are more r e l e v a n t  t o  t h e  
ope ra t ion  a t  t h e  te lescope .  The themistor bolometer used 
i n  our  pyrometer i s  manufactured by t h e  Barnes Engineering Co., 
Stamford, Connecticut. By means of plug-in u n i t s ,  developed 
under t h e  g r a n t ,  w e  have t h e  opt ion  ' t o  use e i t h e r  a r e g u l a r  
t he rmis to r  o r  an immersed one. The r e l e v a n t  c h a r a c t e r i s t i c s  
of both bolometers are given i n  Table 3-11, 

The thermal c o e f f i c i e n t  of the the rmis to r  i s  of t h e  
o rde r  of -4% pe r  OC. 

The r e s i s t a n c e  of a t h e r m i s t o r  obeys a simple exponent ia l  
l a w :  

I 
R = KE @/T (3-5) 

where R i s  t h e  r e s i s t a n c e ,  K i s  a cons t an t  determined by t h e  
s p e c i f i c  r e s i s t a n c e  and geometry of t h e  element, and $ is  
t h e  cons tan t  f o r  each material. For t h e  m a t e r i a l  of our  
thermis tor  B = 3400O~. 

A t  25OC (77OF) our  the rmis to r  has  a r e s i s t a n c e  R = 2.49 

megohm. Using the va lues  given above and using Eq. (3-5 ) , 
w e  ob ta in  K = 27.63 ohm. 

W e  expect  t h e  pyrometer t o  ope ra t e  a t  temperature as 
l o w  as -15OC (5OF) and as high as 2OoC (68OF). A t  t h e  extreme 
high temperature w e  can assume an i n c r e a s e  of 5OC (90F) i n s i d e  
the  radiometer due t o  the h e a t i n g  of t h e  e l e c t r o n i c  components. 

If w e  cons ider  t h e  s teady  s ta te  opera t ion  of t h e  the rmis to r ,  
t h e  Jou le  hea t ing  due t o  t h e  bias  should be d i s s i p a t e d  by t h e  
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h e a t  s ink ;  t h e  fol lowing r e l a t i o n s h i p  should be s a t i s f i e d :  

o r  so lv ing  f o r  V 
P 

v = J K R  AT 
P P (3-7) 

where : 

V = peak vo l t age  p e r  f l a k e  

R = t he rmis to r  resistance (ohms) a t  peak vo l t age  
P 

P 
K = thermal conduct iv i ty  (wa t t s  OK-’) between 

the rmis to r  and h e a t  s i n k  

T = t he rmis to r  temperature a t  peak vo l t age  

To = ambient temperature 

AT = temperature increment above t h e  h e a t  s ink  of 

P 

t h e  the rmis to r  f l a k e .  

The opera t ing  vo l t age  of t he  the rmis to r  i s  taken equal  
t o  0 . 6 V  f o r  t h e  maximum temperature.  

P 

Taking t h e  c h a r a c t e r i s t i c s  of t h e  t h e r m i s t o r  BE-2861 
w e  ob ta in :  

v =  45 = 75 vo l t s  . 
P 0 .6  

Fur ther  a n a l y s i s  and computation g ives  

AT = 31OC 
T = 273+25+31 = 329OK 

P 
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Introducing previous va lues  i n t o  E q .  (3-5) w e  ob ta in  R =860,000 ohms 
P 

In t roducing  t h e  above va lues  i n t o  E q .  (3-7 1 and 
4 so lv ing  t h e  K, w e  ob ta in  t h e  va lue  K = 2.l4 x 10 w a t t  OK-'. 

With t h i s  value of K w e  can compute the va lues  of V f o r  any 
ambient temperature ; t h e  ope ra t ing  temperature.  

P 

T o  ope ra t e  t h e  the rmis to r  over t h e  range of -15°C t o  20°C 
(5°F t o  68OF) which is expected a t  the t e l e scope ,  w e  use t h e  
c i r c u i t r y  given i n  F igure  3-18. 
are 90 V each,  t he  r e s i s t o r s  Ro are 2.4 megohm, t h e  value of 
t h e  the rmis to r  r e s i s t a n c e  a t  25°C (77°F) and t h e  c a p a c i t o r  C 

are 14pf x 150 WVDC ( tan ta lum c a p a c i t o r ) .  

The b i a s  b a t t e r i e s  VA and Vc 

A t  25°C (77°F) h e a t  s ink  temperature (20°C ambient) t h e  
b i a s  app l i ed  t o  each the rmis to r  f lake w i l l  be 45 V ,  a t  0°C 
(32°F) h e a t  s ink  temperature ,  65 V and a t  -10°C (14°F) h e a t  
s i n k  temperature ,  7 4  V. These va lues  compare very w e l l  wi th  
t h e  design c r i t e r i a  0.6V . 

P 

Table 3-11 g ives  t h e  measured i r r e d u c i b l e  n o i s e  of the  
the rmis to r  bolometers.  When t h e  b i a s  i s  app l i ed  t h e r e  i s  
an increment i n  no i se  of 1 7  pe rcen t  over  t h e  Johnson noise  
of the  the rmis to r .  

To compute the NEP of t h e  d e t e c t o r ,  w e  use t h e  following 
express ions  : 

JK NEP = 
T 

f o r  

1 

4-r 
n f  = - 

2 where A = area of t h e  d e t e c t o r  i n  c m  
-r = t i m e  cons t an t  of the  d e t e c t o r  i n  seconds. 
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F I G .  3-18. Schematic of t h e  c i r c u i t  used for t h e  the rmis to r  
bolometer br idge .  
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In t roducing  t h e  proper  va lues  from T a b l e  3-11 i n t o  t h e  

w a t t s ,  equ iva len t  t o  a vol tage  
above equat ions  and reducing for  a bandwidth of 1 H z ,  w e  

-11 obta ined  a NEP of 2 . 8  x 1 0  
n o i s e  of 0.17pV rms. I f  w e  compute t h e  Johnson noise  of 
resistors i n  p a r a l l e l  with a r e s i s t a n c e  each of 2 . 4  x I O 6  ohms 
( r e s i s t a n c e  of each the rmis to r )  and a t  25OC (77OF), the  rms 
vo l t age  is  0.14pV fo r  1 Hz bandpass; i f  w e  add t h e  1 7  percent  
i n c r e a s e  due t o  c u r r e n t  no i se  t h e  r m s  value increased  t o  0 . 1 7 v V  
which agrees wi th  the va lues  obta ined  by using Eq. (3-8)  and 
t h e  measurement of t h e  r e spons iv i ty .  

c. 2 Praamplif i e r  

The p reampl i f i e r  is  t h e  Model DP-SA made by Barnes 
Engineering*. It  has  f o u r  s t a g e s  of ampl i f i ca t ion  wi th  sub- 
s t a n t i a l  feedback t o  achieve high s t a b i l i t y  and a reasonable 
high i n p u t  impedance. 

The c i r c u i t r y  of t h e  p reampl i f i e r  i s  given i n  Figure 3-19 

It  c o n s i s t s  of a p-n-p i n p u t  stage BE-820, and t h r e e  s t a g e s  
of ampl i f i ca t ion  using t h e  2N930 and 2N336 t r a n s i s t o r s  i n  
common-emitter conf igu ra t ion ;  t h e  l a s t  s t a g e  uses  a 2N3364 
t r a n s i s t o r  i n  a common-collector conf igura t ion .  

Standard s i g n a l  vo l t ages  up t o  1 V rms i n j e c t e d  a t  the  

" c a l i b r a t i o n "  t e rmina l  w i l l  appear as 1 mV s i g n a l  a t  t h e  

inpu t .  

This p reampl i f i e r  ope ra t e s  between -5OoC t o  +85OC (-58OF 

t o  185OF) .  The power consumption i s  2 mA a t  2 4  V dc from a 
mercury b a t t e r y  power supply.  

The +1 - db p o i n t s  i n  t h e  frequency response Curve are a t  
11 and 1 , 1 0 0  Hz. 
of -4OOC t o  +8Ooc (-40OF t o  176OF) t h e  i n p u t  impedance 1 . 5  

megohms, t h e  output  impedance is  less than  500 ohms and t h e  

* Barnes Engineering C o .  , "Instrumentat ion Manual f o r  T r a n s i s t o r  

The vo l t age  g a i n  i s  6 9 5 0  +200 - i n  t h e  range 

P reampl i f i e r ,  Model DP-SA" December, 1 9 6 1 .  
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maximum u n d i s t o r t e d  output  i s  1 6  V peak-to-peqk. 

T o  determine t h e  source o f  dominant no i se ,  w e  recorded 
t h e  ou tpu t  s i g n a l  of t h e  pyrometer f o r  t h r e e  condi t ions  of 
t h e  input :  s h o r t - c i r c u i t e d ,  1 megohm i n p u t  r e s i s t o r  ( l o w  
no i se )  and t h e  the rmis to r  bolometer connected i n  t h e  b r idge  
conf igura t ion ;  a l l  records w e r e  taken a t  one second i n t e g r a t i o n  
t i m e .  

C .  E l e c t r o n i c  Console 

The func t ion  of t h e  major panels  i n  t h e  e l e c t r o n i c  console 
are descr ibed  f o r  the  purpose of understanding t h e  c a p a b i l i t i e s  
and performance of t h e  pyrometer system. I n  F i g .  3-2 t h e  u n i t  
on the r i g h t  i s  t h e  e l e c t r o n i c  console .  I n  t h i s  s e c t i o n  t h e  
pane ls  a r e  l i s t e d  from t h e  top  t o  t h e  bottom. 

1. Voltage Monitor 

The vo l t age  monitor panel switch and dc vol tmeter  allow 
t h e  ope ra to r  t o  measure t h e  ope ra t ing  b a t t e r y  vol tages  of t h e  
p reampl i f i e r  and phase c o n t r o l  r e c t i f i e r .  
This i s  a precaut ionary  measure t o  a s su re  t h e  constancy of 
t he  o v e r a l l  ga in  of t h e  pyrometer. 

2 .  Phase Cont ro l led  R e c t i f i e r  

F igure  3-20  shows the  schematic diagram of t h e  phase 
c o n t r o l l e d  r e c t i f i e r  u n i t .  T h e  t r a n s i s t o r s  are a l l  of t h e  
f i e l d  effect  type .  The two C-653 types  are switching types 
and a c t  as c o n t r o l l e d  r e s i s t a n c e s  wi th  pure ly  ohmic r e s i s t a n c e s  
varying from about 3 x l o 3  ohm a t  "on1' ope ra t ion  t o  1 x l o 8  ohm 
a t  " o f f " .  A s  t h e s e  are pure ly  ohmic r e s i s t a n c e s ,  they  inc lude  
no o f f s e t  vo l t ages  and the i n p u t  c i r c u i t s  p r e s e n t  a very high 
impedance t o  the re fe rence  s i g n a l  so a s  t o  e f f e c t i v e l y  isolate  
it from t h e  ou tpu t .  
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Two type C-612 FET's ,  (whose c h a r a c t e r i s t i c s  resemble 
those  of vacuUm tube pentodes) ,  are used as sp lk t - load  phase 
i n v e r t e r s ,  t hus  pe rmi t t i ng  single-ended inpu t s  f o r  both t h e  
s i g n a l  and reference inputs .  The two remaining C-612's serve 
as cathode fo l lowers  t o  i s o l a t e  f u r t h e r  t h e  s i g n a l  source and 

t o  maintain equal  ou tpu t  impedance and preserve  symmetry i n  
t h e  output .  

The frequency response i s  l i m i t e d  a t  the  low end of 
t h e  coupling capac i to r s ,  which need n o t  be  l a r g e  because of 
t h e  high impedance presented  by t h e  FET inpu t s .  The high 
frequency response is  l i m i t e d  by t h e  inpu t  capaci tance of 
t h e  FET's. L i t t l e  d e t e r i o r a t i o n  of wave-form w a s  observed 
f o r  square wave inpu t s  from 2.5 t o  32 H z ,  which i s  the 
frequency range of i n t e r e s t .  

The high impedance levels maintained throughout permit 
the  e l imina t ion  of e l e c t r o l y t i c  capac i to r s ,  an important 
f a c t o r  a f f e c t i n g  r e l i a b i l i t y .  Loading of t h e  source i s  a l s o  
kep t  t o  a minimum, which s i m p l i f i e s  preamplifer  design. 

The c u r r e n t  consumption of t h e  device is about 5 mA 

from each of t h e  two 45 V batteries.  However, examination 
of t h e  c i r c u i t  diagram shows t h a t  no at tempt  has  been made 
t o  minimize c u r r e n t  consumption; f o r  i n s t ance ,  the  numerous 
vo l t age  d iv ide r s  provided could almost a l l  be e l imina ted ,  as 
could t h e  e x t r a  45 V b a t t e r y ,  i f  weight o r  power requirements 
warranted it, 

As a l l  uni ts  are operated i n  a h ighly  degenerat ive mode, 
changes i n  t r a n s i s t o r  c h a r a c t e r i s t i c s  have l i t t l e  e f f e c t .  

To ob ta in  t h e  performance of the phase con t ro l l ed  r e c t i f i e r ,  
w e  used a t es t  u n i t  t h a t  gene ra t e s  a " s igna l " ,  and re ference  
vo l t age  t o  s imula te  t h e  a c t u a l  ampl i f ied  s i g n a l  from t h e  
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t he rmis to r  bolometer and the regerence s i g n a l  from the r ad ia -  

t i o n  pyrometer head. 
by means of a pu l l ey  and b e l t  arrangement t h a t  d r i v e s  t h e  
mechanical chopper. Two germanium photodiodes Amperex 0-12 

and t h e  chopped l i g h t  sources  genera te  t h e  vo l t ages ;  t h e  phase 
angle  between t h e s e  sources  may vary  f r o m  OP- t o  180O. A 

p i c t u r e  of t h e  tes t  u n i t  i s  shown i n  Figure 3-21. 

The f requencies  were set t o  f i x e d  va lues  

The osci l lograms i n  F igure  3-22a,b,c,d shows t h e  per- 
formance of t h e  phase c o n t r o l  rectif ier c i r c u i t  under var ious  
i n p u t  condi t ions .  

3. DC Vacuum Tube V o l t m e t e r ,  Bucking S igna l  
and Time Constant 

To amplify t h e  dc s i g n a l  from t h e  output  of the phase 
c o n t r o l l e d  r e c t i f i e r  t o  a s u f f i c i e n t  level t o  drive t h e  paper  
c h a r t  recorder ,  a Kay Laboratory vacuum tube vol tmeter  i s  used. 

* 
The Kay Laboratory Model 202A microvoltmeter and a m p l i f i e r  

i s  an extremely s e n s i t i v e  high impedance dc vacuum tube volt-  
meter. The instrument  has  1 4  ranges from 300pV t o  1 0 0 0  V ,  f u l l  
scale. 

Input  r e s i s t a n c e s  fo r  t h i s  instrument  range from 1 0  megohm 
t o  1 0 0  megohm, depending on what range i s  be ing  used. The out-  
pu t  vo l tage  is +1 - V across  2000  o h m s .  

The instrument  c o n s i s t s  b a s i c a l l y  of a p reampl i f i e r ,  60 

cyc le  ac chopper a m p l i f i e r ,  and a dc a m p l i f i e r  wi th  110 db of 
ga in ,  s t a b i l i z e d  with 40 db of  feedback. Following the dc 
a m p l i f i e r  is  a cathode fo l lower  c i r c u i t  employed i n  a configura- 
t i o n  allowing e i t h e r  p o s i t i v e  or negat ive  vo l t age  t o  be d i s -  
played on e i t h e r  s i d e  of a zero-center  meter, without  the 

, n e c e s s i t y  of meter-reversing switches.  

* Kay Laboratory: "Microvoltmeter and Amplifier Model 2 0 2 A "  
I n s t r u c t i o n  Manual. 
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FIG. 3-21. To check t h e  phase c o n t r o l l e d  r e c t i f i e r  performance, 
t h e  tes t  u n i t  genera tes  a dummy s i g n a l  and re ference  
vol tages  a t  f i x e d  f requencies  and continuous v a r i a b l e  
phase d i f f e rence ,  
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F I G .  3-22, Oscillograms of t h e  i n p u t  and ou tpu t  s i g n a l s  
of the PCR f o r  d i f f e r e n t  condi t ions  of opera t ion :  
a) i n p u t  s i g n a l s  from t h e  photodiode a t  2 - 5 ,  6 
and 32 Hz ( s c a l e  1 V c m - l )  ; b) ou tpu t  f o r  180°, 
270° and O o  phase angle  d i f f e r e n c e  a t  2 .5  Hz 
(scale - 0 5  V cm-l) : c) output  f o r  80°, 270' and 

hase angle  d i f f e r e n c e  a t  32 Hz (scale - 0 5  V 
and d) response f o r  i n p u t  s t e p  scale .05 V 

an-1) * 
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The net overall  phase r e l a t i o n s h i p  of t h e  instrument  
a m p l i f i e r  c i r c u i t r y  i s  t h a t  i n p u t  s i g n a l  vo l tage  appears as 
normal when i n d i c a t e d  by t h e  output  meter. 

The i n h e r e n t  c i r c u i t  no i se  of t h i s  instrument  wi th  t h e  
i n p u t  sho r t ed  is  - + 20pV. 

The bucking vo l t age  i s  used t o  s u b s t r a c t ,  when needed, 
t h e  dc level  from t h e  pyrometer s i g n a l .  This allows expansion 
of the pyrometer scale and recording only  t h e  s m a l l  f l uc tua -  
t i o n s  of t h e  i n f r a r e d  s i g n a l ,  Also the  bucking vo l t age  allows 
in t roduc t ion  of known electr ical  s i g n a l s  i n t o  t h e  system and 
c a l i b r a t i o n  ( g a i n ,  l i n e a r i t y ) ,  a t  t h e  observing s i te  t h a t  
can be c a r r i e d  o u t  without  t h e  usage of l abora to ry  equipment. 

The bucking vol tage  source i s  a r egu la t ed  5 V power 
supply Corning Model 8000; t h e  s t a b i l i t y  i s  0.05 percent  
f o r  a v a r i a t i o n  i n  t h e  vo l t age  l i n e  of - +15 percent .  The 
f u l l  range i s  -2.5 to 0 ,  +2.5 to 0 V and -5.0 to 0 ,  +5 t o  0 V; 

t h e  adjustment is  by means of a d i g i t a l  readout  potent iometer  
(999  capac i ty )  g iv ing  a r e s o l u t i o n  of + - 2 4  mV pe r  count.  The 
choice of p o l a r i t y  depends upon t h e  temperature of t h e  object 
being measured; f o r  an o b j e c t  a t  a temperature lower than 
the  detector a p o s i t i v e  bucking s i g n a l  should be used and v i c e  
versa. The  equ iva len t  i n p u t  i n f r a r e d  s i g n a l  of a bucking 
s i g n a l  should be determined fo r  t h e  given ope ra t ing  condi t ion  
of t h e  pyrometer. 

The t i m e  cons t an t  i s  set  by means of an RC network a t  
the i n p u t  of t h e  DCVTVM. 

and a f i x e d  value lownoise r e s i s t o r  a r e  used i n  t h e  RC network. 
The va lues  of t h e  t i m e  cons t an t  are 0 . 1 ,  0 .5 ,  1 .O , 2 . 5  and 
5.0 seconds. 

Non-polarized high-grade capac i to r s  



-68- 

4.  Paper Chart  Amplif ier-Recorder 

The paper c h a r t  ampl i f ie r - recorder  i s  a Sanborn s i n g l e  
channel Model N o .  7 7 0 1 ~ .  

The electronics of t h e  a m p l i f i e r  are f u l l y  t r a n s i s t o r i z e d .  

Ink le s s  recordings are made by a hot-wire w r i t i n g  a r m  on 
s p e c i a l  hea t - sens i t i ve  paper.  Six inches of record ing  paper 
are v i s i b l e  a t  a l l  t i m e s  f o r  viewing t h e  record  as it is  
made. 

The recorder  has two marker arms: one i n  t h e  r i g h t  
margin of t h e  c h a r t  and t h e  other i n  t h e  l e f t  margin. One 
marker records second and minute s i g n a l s  f r o m  t h e  d i g i t a l  
clock f o r  p r e c i s e  i d e n t i f i c a t i o n  of recorded da ta .  The second 
arm records a s i g n a l  from t h e  photographic camera t r i g g e r e d  
by the s h u t t e r  mechanism when ac tua ted .  The s p e c i f i c a t i o n s  
fo r  t h e  recorder  r e l evan t  t o  t h e  d a t a  reduct ion a r e  as fol lows:  

Frequency Response: 0 t o  125 Hz wi th in  3 db a t  10 mm 
peak-to-peak. 

Edge-to-Edge Deflect ion Writing Arm: 100 mm. 
L i n e a r i t y :  L i n e a r i t y  error does no t  exceed 0 .5%.  

Gain S t a b i l i t y :  Change i n  ga in  is  less than 0 .5% wi th  
ambient temperature from 0 C(32 F) 
t o  40 C ( 1 0 4  F) f o r  l i n e  vol tage  
change from 1 0 3  V t o  1 2 7  V. 

Noise: 0 . 1  mm peak-to-peak maximum. 

Zero Suppression: P o s i t i v e  and negat ive  suppression 
vo l t age  dr ived  f r o m  mercury cells 
i n  series wi th  t h e  output  of t h e  
range swi tch ,  and used f o r  both 
single-ended and balanced inpu t .  This 
provides up t o  250 mm ( 1 0  in . )  of 
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w r i t i n g  am d e f l e c t i o n  a t  any range 
p o s i t i o n  of f i v e  t i m e s  f u l l - s c a l e  a t  
maximum s e t t i n g .  Maximum error + - 2% 
of i n d i c a t e d  suppression.  

Recording Speeds : Recording speeds available through 
push-button c o n t r o l  are : 0.5 ,  2.5, 
1 0  and 50 .  

5. Thermistor Thermometer 

The temperature of the  c a l i b r a t i o n  and re ference  black-  
body should be known wi th in  + - 0.05OC. 
should be O°C t o  4OoC (32OF t o  lO40F) f o r  t h e  c a l i b r a t i o n  and 
-15OC t o  +25OC (5'F t o  77°F)  fo r  t h e  re ference .  

Furthermore, t h e  ranges 

For ou r  a p p l i c a t i o n  w e  decided t o  use a s  sensor  a bead 
the rmis to r  connected i n  a cons t an t  s e n s i t i v i t y  br idge .  This 
type of b r idge  has  been descr ibed  by P i t t s  and P r i e s t l y  . 
The basic c i r c u i t r y  i s  given i n  Fig.  3-23. T h i s  i s  aWheatstone 
br idge  where R i s  t h e  r e s i s t a n c e  of t h e  the rmis to r ;  Ra a r e  
p r e s e t  potent iometers ;  Rb i s  a h i g h - s t a b i l i t y  resistor; and, 
A i s  t h e  r e s i s t a n c e  of the balancing potent iometer ,  Y i s  
t h e  r e s i s t a n c e  of t h e  potent iometer  i n  the  br idge  c i r c u i t ,  
and A-Y t h e  r e s i s t a n c e  of the potent iometer  i n  t h e  e x t e r n a l  
c i r c u i t .  The advantage of t h i s  br idge  i s  t h a t  when it i s  
balanced a t  a given temperature,  subsequent small  changes 
a r e  measured by t h e  c u r r e n t  flowing through t h e  galvanometer 
as t h e  br idge  d e p a r t s  f r o m  balance.  The c u r r e n t  measured i s  
p ropor t iona l  t o  a s m a l l  change i n  r e s i s t a n c e .  

1 2  

To compensate f o r  t h e  rate of change of t he rmis to r  
r e s i s t a n c e  wi th  temperature,  t h e  vo l t age  app l i ed  t o  t h e  
b r idge  is inc reased  when t h e  temperature inc reases ;  t h i s  i s  

obta ined  by means of t h e  potent iometer  A. When t h e  br idge  
i s  n e a r l y  balanced, the fol lowing r e l a t i o n s h i p  i s  s a t i s f i e d :  
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FXG. 3-23. Simpl i f ied  c i r c u i t r y  of a the rmis to r  cons tan t  
s e n s i t i v i t y  br idge.  



-71- 

d i  b VR2 
A = *  . . .  2'' - . -  - - -  

(3-10) 
dT 2R1T2 (2G+RafR1) 

Where R2 and R1 are t h e  r e s i s t a n c e s  of t h e  thermis tor  a t  t h e  
end of t h e  working range a t  temperatures T1 and T2'  r e spec t ive ly ,  
Ra i s  t h e  r e s i s t a n c e  of t h e  p r e s e t  potent iometer ,  G i s  t h e  
i n t e r n a l  r e s i s t a n c e  of the galvanometer, and b i s  the the rmis to r  
cons tan t  i n  the following equat ion:  

b/T 
R = a e  I (3-11) 

where a and b are t h e  cons t an t s  and T i s  t h e  absolu te  tempera- 
t u r e  of t he  thermis tor .  

Eq. (3-10)  i s  used f o r  t h e  c a l c u l a t i o n s  o f  the s e n s i t i v i t y  
of t h e  br idge .  

The b a s i c  br idge  shown schemat ica l ly  i n  Fiq. 3-23 is used 
t o  measure the  temperature of t he  c a l i b r a t i o n  and re ference  
blackbodies of t he  r a d i a t i o n  pyrometer. I n  our case, s ince  t h e  
range of opera t ing  temperatures i s  r a t h e r  broad, w e  have three 
ranges fo r  t h e  two thermometers. T a b l e  3-111 g ives  t h e  
temperature ranges.  The i n t e r v a l  of t h e  ranges are n o t  equal  
due t o  t h e  f a c t  t h a t  f o r  t h e  three ranges w e  use t h e  same 
balancing potent iometer .  

The a c u t a l  c i r c u i t  diagram of t h e  thermometers i s  shown 
i n  F i g .  3-24. 
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TEMPERATURE RANGES OF THE CALIBRATION 

AND REFERENCE BLACKEODY THERMOMETERS 

-1.5 I -12.0 I 

Two s e p a r a t e  b r idge  c i r c u i t s  are used f o r  t h e  re ference  
and c a l i b r a t i o n  blackbody thermometers, and both have been 
c a l i b r a t e d  a s  descr ibed  i n  Sec t ion  IV-C. 

To  o b t a i n  a temperature measurement t h e  br idge  i s  balanced 
by means of a p r e c i s i o n  ten- turn potent iometer  (balancing 
potent iometer)  coupled t o  a d i g i t a l  readout counter  (999) capaci ty .  
The unbalanced voltage of the br idge  i s  measured by a Tr io  Lab 
Model 1 1 0 - 1  DC VTVM. This m e t e r  has  a zero  cen te r  scale t o  
allow measurement f o r  e i t h e r  3- br idge  unbalanced vol tages .  - 

To read t h e  temperatures,  t h e  br idge  i s  balanced by reading 

Careful  c a l i b r a t i o n  of the 
zero vol t s  i n  the  three m i l l i v o l t  scale. The m i n i m u m  unbalanced 
vo l t age  t h a t  could be  read i s  + - 5 mV. 
thermometer has been c a r r i e d  o u t  from t i m e  t o  t i m e  (see Sect ion 
I V - C ) .  The s e n s i t i v i t y  of the thermometers i s  such t h a  
scale a change of one d i g i t  of the readout  counter  produces a 
de t ec t ab le  unbalance of t h e  br idge .  For the reference  black- 
body thermometer one count i n  t h e  average is  equiva len t  t o  0.035OC 
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i n  scale I, O.OIO°C i n  scale I1 and 0 .009°C i n  scale 111. For 

t h e  c a l i b r a t i o n  blackbody i t  w i l l  be 0.038OC f o r  scale I and 
0,013OC f o r  s c a l e  11. 

6. P i c t u r e  Frame Counter and C a l i b r a t i o n  
Blackbody Temp’erature Adjustment 

_ _ . . _ _ I . .  

The 35 mm f i l m  used f o r  the photographic channel i s  9.1 m 
(30  f t . )  long; t h i s  f i l m  does n o t  have t h e  frames numbered. To 
reduce t h e  photographic d a t a  t h e  p i c t u r e  frames have t o  be 

i d e n t i f i e d  by sequen t i a l  numbering; a l s o  during opera t ion  of 
t h e  radiometer the opera tor  of t h e  e l e c t r o n i c s  should monitor,  
i n d i r e c t l y ,  t h e  f i l m  t r a n s p o r t  of t h e  camera. T o  achieve both 
ob jec t ives  two p i c t u r e  frame counters  a r e  used, one i n  the  

radiometer head and the  o t h e r  i n  t h e  , e l e c t r a n i c  console ,  Both 
have a capac i ty  of 999 counts.  The numbers of t he  one i n  t h e  
pyrometer head are imaged i n  one corner  of t h e  f i l m  using 
lenses  and fiber o p t i c s .  Both counters  are a c t i v a t e d  by t h e  
s h u t t e r  mechanism every t i m e  a p i c t u r e  i s  secured.  A t  t h e  
same t i m e  a mark i s  made on t h e  paper c h a r t  recorder  t o  allow 
l a t e r  t h e  t i m e  i d e n t i f i c a t i o n  of t h e  frame (see Fig ,  4-2a,b).  
I n  the  same panel  t h e  temperature c a l i b r a t i o n  blackbody a d j u s t -  
ment i s  i n s t a l l e d  t o  set t h e  temperature of t h e  body t o  t h e  
appropr ia te  va lue .  

7. Power D i s t r i b u t i o n  

A l l  l i n e  vol tage  c o n t r o l s , f u s e s  and m e t e r s  have been 
grouped i n  this panel.  The ac l i n e  vol tmeter  and the  e l apsed  
t i m e  meter, t oge the r  w i t h  t h e  main power switch are i n  t h i s  
s ec t ion .  This  s e c t i o n  also conta ins  t h e  reticle i l l umina t ion  
power supply and b r igh tness  c o n t r o l  fo r  t h e  pyrometer head, 
t h e  1 2  V dc power supply and m e t e r  t o  d r i v e  the photographic 
camera and frame counter ;  the switch f o r  t h e  electric motor chopper 
d r i v e ,  and the switch t o  t r i g g e r  t h e  cameras on t h e  occasion 
of a s p e c i a l  event  during observing, 
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D. Monitor Console 

The func t ions  of the major panels  i n  the e l e c t r o n i c  console 
are descr ibed  for  the purpose of understanding t h e  c a p a b i l i t i e s  
and performance of t h i s  p a r t  of the pyrometer system. I n  Fig.  
3-2 t h e  cab ine t  on the l e f t  i s  the monitor console .  I n  t h i s  
s e c t i o n  the panels  are l i s t e d  from t h e  t o p  t o  t h e  bottom. 

1. Magnetic Tape Recorder 

A Sony TC-600, two-channel magnetic t ape  recorder  with 
a mixer fo r  each s t a g e  i s  used. This makes it poss ib l e  t o  
record  f o u r  channels of information.  

These are t h e  ve rba l  r e p o r t  of t h e  observer ,  t h e  event  
s i g n a l  (800  H z  t o n e ) ,  t h e  r a d i o  t i m e  s i g n a l s ,  and t h e  d a t a  
d i c t a t e d  by t h e  ope ra to r  of the e l e c t r o n i c  console during 
t h e  t i m e  that the measurements are c a r r i e d  ou t .  

T h i s  recording now se rves  a s  a permanent record  of a l l  
conversa t ions ,  t es t  condi t ions  and t h e  a c t u a l  t i m e  of each 
p a r t i c u l a r  observa t ion .  The recorded t a p e  i s  played back i n  
conjunct ion w i t h  t h e  a n a l y s i s  of t h e  d a t a  on t h e  paper c h a r t  
r eco rde r  and t h e  p ro jec t ion  of t h e  photographic f i l m  f o r  a 
complete data reduct ion.  All f requencies  t o  be recorded f a l l  
w e l l  w i th in  t h e  response of the t ape  recorder  when opera t ing  
a t  a recording speed of 3-3/4 i p s .  

The  t o t a l  recording t i m e  a t  this speed and f o r  a 178 mm 
( 7  i n . )  reel is  approximately t w o  hours.  This i s  accomplished 
by using magentic t ape  "Scotch" type 200-24 ,  and 1 / 4  inch 

wide. 

2 .  D i g i t a l  Clock 

I n  o r d e r  t o  reduce t h e  d a t a  and t o  maintain accura te  
observing t i m e  schedules ,  a d i g i t a l  readout  clock has been 
added t o  t h e  pyrometer system. 
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The d i g i t a l  clock,. ob ta ined  from t h e  Tymeter Clock 
Company, g ives  v i s u a l  readout fo r  hours ,  minutes,  and seconds, 
f o r  a twenty-four hour per iod  r e s e t t i n g  au tomat ica l ly .  

The d i g i t a l  c lock i s  provided wi th  switches f o r  c losu re  
on second and minute i n t e r v a l s .  These switch c losu res  appear 
as pulses  on t h e  paper c h a r t  recorder ,  minutes appearing as 
f o u r  t i m e s  w i d e r  pu l se s  than the seconds and with an amplitude 
t w i c e  a s  l a r g e  as t h e  second pulses .  

Having both t h e  recorded t i m e  pu lses  and i n f r a r e d  s i g n a l  
on one paper c h a r t  s i m p l i f i e d  d a t a  reduct ion i n  t h a t  t h e  
sequence of events  can now be e a s i l y  i d e n t i f i e d  without  
r e f e r r i n g  t o  the  t i m e  s i g n a l  recorded on t h e  magnetic tape .  

P r i o r  t o  observing, the d i g i t a l  c lock i s  set t o  Universal  
T i m e  with re ference  t o  t h e  t i m e  s i g n a l  from r a d i o  s t a t i o n  WWV 

by eye and ear. 

P e r i o d i c a l l y  during observa t ions ,  t h e  a c t u a l  t i m e  of 
each minutes is w r i t t e n  on t h e  paper c h a r t  as a f u r t h e r  a i d  
i n  da t a  reduct ion ,  rather than having t o  count each ind iv idua l  
minute up t o  t h e  p a r t i c u l a r  p o i n t  of i n t e r e s t .  The s t a r t  and 
s t o p  of t h e  recorder  i s  also recorded i n  t h e  same manner. 

3 .  Radio Receiver 

A S p e c i f i c  Products Model SR-7 c r y s t a l  c o n t r o l l e d  r ad io  
receiver i s  used f o r  recept ion  of t i m e  s i g n a l s  from WWV o r  
s i m i l a r  s t a t i o n s .  

I n  t h e  United S t a t e s  t h e  r a d i o  receiver i s  normally used 
during observat ions t o  receive s i g n a l s  from the Nat ional  Bureau 
of Standards r ad io  s t a t i o n  WWV on e i t h e r  2.5-25 MHz. When 
poss ib l e ,  t h e  Dominion Observatory (Canada) S t a t i o n  CHU on 



-77- 

7 . 3  MHz i s  used a t  Agassiz S t a t i o n  (Harvard, Mass.) because 
of i t s  high s ignal  s t r e n g t h  i n  t h a t  area. Other advantages 
of this s t a t i o n  over  t h e  WWV type of s i g n a l  f o r  our  appl ica-  
t i o n  i s  t h a t  every minute is  i d e n t i f i e d  by voice. 

The t i m e  s i g n a l s  a r e  used t o  set  t h e  d i g i t a l  c lock from 
which second and minute s i g n a l s  are recorded on one channel 
of t h e  paper c h a r t  recorder. 

Moreover, t h e  t i m e  s i g n a l s  from t h e  r e c e i v e r  are recorded 
on one channel of t h e  magnetic t ape  recorder .  

4 .  Intercommunications Sys  t e m  

V e r b a l  communication between t h e  observer  and opera tor  
of the  e l e c t r o n i c  equipment is  restricted because of reverbera-  
t i o n s  caused by the  bu i ld ing .  Therefore,  two intercommunication 
systems w e r e  i n s t a l l e d .  The two systems w e r e  requi red  t o  avoid 
d i f f i c u l t i e s  i n  ope ra t ing  switches f o r  t a l k - l i s t e n  opera t ion  
requi red  by one system. 

The microphones used have s u f f i c i e n t  d i r e c t i v i t y  so t h a t  
feedback between t h e  t w o  intercom systems i s  minimal. The 
cabe l ing  between t h e  pyrometer head and t h e  rest of t h e  e l e c t r o n i c s  
i s  approximately 2 7  m(90 f t . )  . A l s o ,  the  intercommunication 
a m p l i f i e r  can be used i n  connection with t h e  magnet ic  tape 
recorder f o r  playback. 

5.  Event S iqna l  

To i n d i c a t e  t h e  occurrence of an event  on t h e  magnetic 
t ape  or on the paper c h a r t  w e  used an 800 Hz o s c i l l a t o r .  A t  

t h e  pyrometer head and e l e c t r o n i c  console t h e r e  are a v a i l a b l e  
push-button switches t o  t u r n  on this event  s i g n a l  by e i t h e r  
t h e  observer  o r  t h e  opera tor .  A verba l  d e s c r i p t i o n  after t h e  
s i g n a l  determines t h e  na tu re  of the event .  
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IV. TEST AND CALIBRATION 

A. Noise Level,  L inea r i ty  and P r i 5 t  of t h e  Pyrometer 

The no i se  level ,  l i n e a r i t y  and d r i f t  of t h e  r a d i a t i o n  
pyrometer w a s  measured i n  our  I n f r a r e d  Laboratory. The 
pyrometer head w a s  mounted on t h e  i n f r a r e d  bench; t h e  elec- 
t r o n i c  racks w e r e  i n s t a l l e d  also i n  t h e  same labora tory .  

The i n f r a r e d  bench c o n s i s t s  of a Barnes Engineering 
Reference Blackbody model RS-1 A, a variable speed chopper, 
a w a t e r  tank as a thermal b a f f l e ,  a series of c a l i b r a t e d  
s t o p s ,  a s h u t t e r  and a recording the rmis to r  thermometer. 

The temperature of t he  re ference  blackbody cav i ty  w a s  
set a t  7 O o C  (158OF1, t h e  temperature o f  t h e  room was 22.3OC 
(72.1°F) and t h e  chopping frequency of t h e  r a d i a t i o n  set  a t  
1 2  Hz. For these  measurements which l a s t e d  three hours ,  t h e  
labora tory  w a s  c losed.  One person was allowed t o  e n t e r  t h e  
labora tory  f o r  only a f e w  minutes t o  read t h e  instruments .  
This precaut ionary measure was taken a f t e r  w e  observed on 
previous occasions t h a t  t h e  h e a t  generated by one person i n  
t h e  labora tory  w a s  enough t o  inc rease  t h e  temperature o f  t h e  
chopper b lades  and produced a t  maximum s e n s i t i v i t y  of t h e  
pyrometer a de t ec t ab le  d r i f t .  W e  used one second p o s t  de t ec t ion  
i n t e g r a t i o n  t i m e .  For t h e  condi t ions  i n d i c a t e d  above and 
using t h e  plug-in u n i t  wi th  t h e  immersed detector BE-2861 and 
t h e  DP-5 A preampl i f i e r ,  w e  obtained a peak-to-peak no i se  level 
of less than 6 x 10  -I1 w a t t s .  At t h e s e  power levels w e  could 
n o t  detect any d r i f t  during a one hour per iod.  Figure 4-1 shows 
a record of the  no i se  l e v e l  of t h e  pryometer. The s i g n a l  on 
t h e  detector was 8.5 x 10 

second and the  speed of t h e  paper c h a r t  w a s  1 mm sec''; t h e  
power s c a l e  on t h e  paper chart  is 6 x 10 -I1 w a t t  mm-l. The 
record shows t h a t  a t  5:20 pm t h e  i n f r a r e d  s i g n a l  w a s  tu rned  
t o  zero  and a t  5:45 pm the  recorder  w a s  switched for  a f e w  

w a t t s ,  t h e  p o s t  i n t e g r a t i o n  t i m e  one -10 
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FIG. 4-1. Noise l e v e l  and d r i f t  measurement of t h e  
r a d i a t i o n  pyrometer. 
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seconds and stopped; a t  6: lO pm it s t a r t e d  again.  The same 
sequence of events  took p lace  a t  6:20 pm and 6:45 pm. The 

record shows t h a t  t h e  peak-to-peak no i se  level i s  1 .3  x 1 0  
i f  w e  reduce t h i s  value t o  1 Hz bandpass. 

-10 w a t t s  , 

B. T e s t  of t h e  Pyrometer-Telescope System 

The pyrometer, as w e l l  as t h e  components and subassemblies,  
was subjec ted  t o  thorough tests i n  t h e  labora tory  inc luding  
environmental tests as  a system. W e  cannot say t h a t  t h e  pyro- 
m e t e r  was t e s t e d  on t h e  te lescope  s i n c e  it performed t h e  way 
it d i d  i n  t h e  labora tory  from t h e  t i m e  t h a t  it was f i r s t  
a t tached  t o  t h e  te lescope .  

The scan shown i n  Figure 4-2a.-b. w a s  obtained a t  t h e  
Newtonian focus of  t h e  155 cm ( 6 1  i n . )  t e lescope  a t  Pgassiz 
S t a t i o n  during t h e  l u n a r  e c l i p s e ,  December 18-19 , 1 9 6 4 .  The 
te lescope  was stopped down t o  f/5.58 by an en t rance  s t o p  i n  
the  pyrometer t o  ensure t h a t  t h e  d e t e c t o r  d i d  n o t  "see" any- 
th ing  b u t  t he  m i r r o r  o b j e c t i v e .  The amount of p r e c i p i t a b l e  
water ,  measured from sounding ba l loons ,  was 1 . 4  mm f o r  one 
a i r  mass, an excep t iona l ly  low value f o r  t h i s  observing si te.  

The post-detect ion t i m e  cons tan t  of t h e  pyrometer was 
0 . 2  seconds, and t h e  s i z e  of t h e  r e so lu t ion  element was 
9 "  x 9"  between half-power p o i n t s .  PS t he  scan shows, t h e  
temperature anomalies i n  Copernicus , Milichius  , G a l i l a e i ,  
and an unnamed c r a t e r ,  f i r s t  become ev iden t  as a p lus  AT. 

The incremental  temperatures AT shown i n  t h e  scan are n o t  
co r rec t ed  f o r  t h e  ins t rumenta l  p r o f i l e  of t h e  pyrometer. 
This co r rec t ion  w i l l  be important f o r  Mi l i ch ius ,  t h e  unnamed 
crater and G a l i l a e i .  
of t h e  record w a s  obtained with a blackbody c a l i b r a t i o n .  

The power c a l i b r a t i o n  ( 1 . 2  x lo-* w a t t s )  

Figure 4-3 shows a scan from Mare Crisium through 
Manilius,  which w a s  obtained a few hours before  t h e  l u n a r  
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e c l i p s e  of June 24-25, 1 9 6 4 ,  a t  t h e  Newtonian focus of t h e  
188 c m  ( 7 4  i n . )  t e lescope  a t  the Radc l i f f e  Observatory (P re -  

t o r i a ,  Rep. of South Af r i ca ) .  The amount of p r e c i p i t a b l e  
w a t e r  f o r  one a i r  mass, measured from sounding ba l loons ,  w a s  
2.5 m i l l i m e t e r s .  

The pos t -de tec t ion  t i m e  cons tan t  of t h e  pyrometer was 
0 . 2  seconds and t h e  s i z e  of t h e  r e so lu t ion  element w a s  
8'' x 8" between half-power p o i n t s .  

To v e r i f y  t h a t  t h e  s t r u c t u r e  of t h e  scan shown i n  
Figure 4-3 has  a s t rophys ica l  meaning, w e  reverse t h e  sense  
of scanning a t  t h e  p o i n t  i n d i c a t e d  by t h e  arrow. The second 
p a r t  of t h e  scan i s  almost a p e r f e c t  m i r r o r  image of 

t h e  f i r s t  p a r t ;  t h e  s m a l l  d i f f e r e n c e s  are due t o  t h e  change 
i n  dec l ina t ion  of t h e  moon (0!'114 p e r  second of  t i m e )  , which 
over  a minute of t i m e  amounts t o  almost 80 percent  of t h e  
s i z e  of t h e  r e so lu t ion  element. The record shows very c l e a r l y  
t h e  nega t ive  increment AT f o r  t h e  temperature anomalies i n  
Proc lus ,  P l i n i u s  and Manilius.  

Each one of t h e  event  marks i n d i c a t e d  a t  t h e  bottom 
of t h e  scan shown i n  Figure 4-3 g ives  t h e  t i m e  a t  which a 
p i c t u r e  was secured. The first mark from t h e  l e f t  g ives  the  
values  5 = +0.879 and 17 = +0.276 a s  t h e  or thographic  coord ina tes  
of t he  cen te r  of t h e  r e s o l u t i o n  element on t h e  moon; a t  t h e  
second mark, 5 = +0.700, rl = +0.270;  a t  t h e  t h i r d  mark, 5 = 

+0.285, rl = +0.253; a t  t h e  fou r th  mark 5 = +0.065, rl = +0.251. 

The root-mean square r e s i d u a l  i n  p o s i t i o n  f o r  t h i s  
p a r t i c u l a r  scan i s  3!'68. 

C. Blackbody Thermistor Thermometers Ca l ib ra t ion  

Since our d a t a  reduct ion depends on t h e  c a l i b r a t i o n  
of t h e  the rmis to r  thermometers, ( r e fe rence  and c a l i b r a t i o n  
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F I G .  4-4.  Cal ib ra t ion  s e t u p  f o r  t he  the rmis to r  thermometers. 
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temperatures) w e  gave the c a l i b r a t i o n  c a r e f u l  a t t e n t i o n .  

For t h e  c a l i b r a t i o n ,  we used two t o t a l  immersion pre- 
c i s i o n  thermometers. One w a s  a Cknco p rec i s ion  thermometer 
NBS c e r t i f i e d  (Ma-1240) ,  wi th  -1OOC t o  +5OoC (+14OF t o  +122OF) 

range and 0 . 1 O C  d iv i s ions .  The o t h e r  w a s  a Usnco p r e c i s i o n  
thermometer ASTM 1220150, with -38OC t o  +2OC (-36.4OF t o  
+35.6OF) range, and 0 . 1 O C  d i v i s i o n s .  

The t w o  t he rmis to r  u n i t s  under c a l i b r a t i o n  w e r e  a t t ach -  
ed t o  t h e  t i p  of t h e  thermometers and f u l l y  immersed i n  
l i q u i d  Freon-TF as i n d i c a t e d  i n  Figure 4-4. The i n n e r  tube 
w a s  mounted i n s i d e  another  g l a s s  tube.  The sepa ra t ion  between 
t h e  tubes  w a s  achieved by a v e r t i c a l  support ing rod a t  the  

bottom and three rods equa l ly  spaced around the  sides n e a r  
t h e  base;  a l l  w e r e  made of P lex ig las .  

T h e  spacer  a t  t h e  upper p a r t  of t h e  tube w a s  made of 
Eccofoam and s e a l e d  w i t h  S i l i c o n e  rubber.  To avoid condensa- 
t i o n  of moisture  a t  l o w  temperatures ,  t h e  space between the  
two g l a s s  tubes w a s  f i l l e d  with n i t rogen  and a t  t he  bottom 
s i l i c a  g e l  was added. T o  minimize coupling by r a d i a t i o n  
between t h e  i n s i d e  of t h e  i n n e r  tube and t h e  surroundings 
of t h e  ou t s ide  tube, t h e  lower p a r t  of t h e  i n n e r  tube w a s  
wrapped w i t h  a s h e e t  of Mylar, a l a y e r  of aluminum f o i l ,  
and another  s h e e t  of Mylar, a l a y e r  of aluminum f o i l ,  and 
another  s h e e t  of Mylar. There i s  a s m a l l  window i n  the 
wrappings t o  allow fo r  t h e  reading of the  thermometers. 

Before t h e  the rmis to r  thermometers w e r e  c a l i b r a t e d ,  t h e  

the rmis to r  was subjected t o  several temperature cyc les .  T h i s  

w a s  a t  extreme temperatures of c a l i b r a t i o n  t o  a l l o w  f o r  any 
aging e f f e c t ;  however, w e  are planning a sys t ema t i c  check of 
t h e  c a l i b r a t i o n  of t h e  thermistors. 
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The c a l i b r a t i o n  procedure w a s  as  follows : 

1. 

2. 

3. 
4. 

5. 

The Freon w a s  cooled down t o  -39OC (-38°F) then 
t r a n s f e r r e d  t o  t h e  c a l i b r a t i o n  con ta ine r ,  which 
is  pre-cooled i n  an environomental chamber. 
B o t h  t he rmis to r  assembly u n i t s  w e r e  a t t ached  t o  
the  c e r t i f i e d  thermometers and immersed i n  t h e  
cooled Freon. 
The Freon w a s  s t i r r e d  f o r  one minute. 
After s t i r r i n g ,  we  wai ted f o r  approximately twenty 
minutes t o  allow f o r  thermal equi l ibr ium between 
the  b a t h ,  t h e  thermometers, and t h e  the rmis to r  
assemblies. 
A n u l l  of t h e  br idge  and t h e  reading of the  counter  
w a s  taken f o r  every 0.25OC (0.45OF) i n t e r v a l s .  The 
thermometer was read with t h e  a id  of a magnif ier .  

N o  s t i r r i n g  o r  a g i t a t i o n  took p l ace  during t h e  c a l i b r a t i o n .  

I t  took 2.5 hours f o r  t h e  temperature of the ba th  t o  
rise from -35OC (-31°F) t o  0°C (32OF), and approximately 4 
hours f o r  it t o  rise from O°C (-32°F) t o  23OC (73OF). 

I n  t w o  c a l i b r a t i o n  runs ,  i n  t h e  range of -35°C (-31OF) 
t o  23OC (73OF), w e  achieved a consis tency better than -+ 1 
d i v i s i o n  of the counter.  

- 

For higher  temperature ranges,  t h e  bath w a s  heated t o  
41OC (105°F) and readings w e r e  secured every t e n  o r  f i f t e e n  
minutes a t  f i r s t  and then every 30 t o  45 minutes during t h e  
cool ing  t o  23OC (73OF). 
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